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Preface 


Industrial Furnaces^ Volume I, has been on the market for almost 
40 years. The book, which together with Volume II is known as the 
furnace-man’s bible, was originally written to rationalize furnace design 
and to dispel the mysteries (almost superstitions) that once surrounded 
it. Both volumes have been translated into four foreign languages 
and are used on every continent of this globe. The present—the fifth— 
edition of Volume I is the result of the combined efforts of the original 
author and of M. H. Mawhinney, who has brought to the book a wealth 
of personal experience with furnaces of many different types. 

While retaining the fundamental features of the earlier editions, the 
authors made many changes and improvements, among which the 
following are important: 

The chapter on heating capacity of furnaces was replaced by three 
new chapters, the first of which deals with the heating of solids in 
furnaces. In this chapter, the relations between temperatures of hot 
gases, of wall, and of stock are investigated and a table on theoretical 
coefficients of heat transfer is derived. The second of the new chapters 
discusses the heating capacity of batch-type furnaces. The third of the 
new chapters covers the heating capacity of continuous furnaces. 

The section on fuel consumption of continuous furnaces was trans¬ 
ferred from the chapter on fuel-saving devices to the chapter on fuel 
consumption of furnaces of all types. Charts on adiabatic flame temper¬ 
atures were transferred from Volume II to Volume 1. The section on 
strength of recuperators was omitted and will appear in a revised form 
in Volume II at a later date. 

Several charts were expanded to cover a wider range than before. 
All charts affected by specific heats were recalculated and replotted on 
the basis of latest available data. Information on thermal conductivity 
was brought up to date and was embodied in charts, including those on 
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heat losses from furnace walls. Facts on tensile strength and on creep 
of refractories were added. Examples dealing with furnaces of obsolete 
types were replaced by examples of modern types. Many other, but 
minor, improvements were made, including addition of a short section 
on materials seldom heated in industrial furnaces. 

This new edition carries sixty-four new and revised illustrations and 
nine new or revised tables that contain operating data with which the 
results of calculations may be compared. 

We acknowledge with thanks the contributions of A. F. Robbins for 
many of the calculations, and of A. S. Sobek for his assistance in the 
collection of operating data. 

W. Thinks M. H. Mawhinney 

Ohiopyk, Pa. Salem, Ohio 

April 15, 1961 
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Frequently Used Symbols 


a = coefficient of heat expansion 
a = acceleration, ft per sec per sec 
h = width 

c == velocity, ft per sec 
Ca = specific heat or thermal capacity 
of air 

Cb = specific heat or thermal capacity 
of brick 

Cg = specific heat or thermal capacity 

Cm = specific heat or thermal capacity 
of any material 
d = bifferential 

e = dase of Napierian logarithms 
= 2.71828 

/ = friction coefficient (also efficiency) 
g = gravity acceleration 32.2 ft per 
sec per sec 
i = angle 

j = diffusivity, sq ft/hr; also angle 
k = coefficient 
= length 

n = number of objects; also ratio 
p = pressure, also volume per cent 
q = density pcf 
r = radius 
.s = space, thickness 
/ = time 

u = kinematic viscosity, sq ft per sec 


V - specific volume, cu ft per lb 
w - specific gravity (ratio) 

X = distance 

z = thickness of hearth; also distance 

A = area 

B = perimeter; also barometer 
C = thermal conductivity, Btu per 
(ft, hr, F) 

I) = distance, width, diameter 
E = emissivity; also modulus of elas¬ 
ticity 

F = force; also factor or fraction 
H = quantity of heat; also height 
/ = moment of inertia 
K = constant 
L = length, span 
P - quantity of preheat 
Q = quantity of heat; also quantity of 
gases 

R = resistance; also radius; also ratio 
S - stress; also shape factor 
T = temperature (not absolute unless 
so marked), F 

V = volume; also fuel consumption p(‘r 

unit of material 
\V = eight 
X = thickness of wall 


Abbreviations 

2000 F for 2000 degrees Fahrenheit 
cfm for cubic feet per minute 

cps cycles per second 

fps feet per second 
pcf pounds per cubic foot 

pci pounds per cubic inch 

psf pounds per square foot 

psi pounds per square inch 
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Introduction 


1. USE OF FURNACES 

The term '^industrial furnaces/' as used in this book, includes only 
those furnaces in which heat is imparted for the purpose of raising 
temperature and in which no chemical changes, or changes of state 
such as melting or vaporization, a^e intended to take place. Such 
furnaces might be called "metal-heating furnaces." In metal working, 
temperature plays an extremely important part. High temperature 
softens all metals and renders most of them fit for bending, forging, 
pressing, extruding, or rolling. Still higher temperature melts metals. 
High temperature also takes strain out of metals; the process of heat¬ 
ing metals for this purpose and then cooling in such a manner that 
no new strains are introduced is known as annealing. Raising the 
temperature of steel beyond a certain point, with subsequent sudden 
cooling, makes the steel harder and stronger but less ductile. Re¬ 
heating to a point lower than the critical temperature decreases the 
hardness and increases the ductility. The whole process, which has 
the object of producing the desired physical properties by controlling 
the crystal structure, is known as heat treating and has many impor¬ 
tant subdivisions. Metals are also heated for the purpose of absorbing 
carbon, as in case hardening, or for the purpose of changing the state 
of carbon alloys, as in the annealing of malleable castings. 

The heating of metals for any of these purposes is done in furnaces 
which are commonly called heating furnaces, reheating furnaces, an¬ 
nealing furnaces, and heat-treating furnaces. Melting of metals and of 
glass, burning and vitrifying of ceramic products, coking of coal, dis¬ 
tillation of zinc, and many other heat-imparting processes are per¬ 
formed in furnaces tiiat serve industry but are not industrial furnaces 
in the sense used in this book. 
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TABLE 1 


Heating Process or 

Temperature to Which 
the Material Is Heated, F 
(Highest Temperature 

Subsequent Operation 

during Heating Process) 

Drying steel wire 

300 

Dr 3 ring lacquer 

300 

Japanning 

180-450 

Core baking for iron castings 

300-450 

Blueing 

500 

Hot-dip tinning 

500 

Tempering in oil 

500 

Tempering high-speed steel 

630 

Annealing aluminum 

750 

Cracking petroleum 

750 

Heating aluminum for rolling 

850 

Nitriding steel 

950 

Annealing brass 

1000 

Annealing glass 

1150 

Annealing copper 

1150 

Annealing German silver 

1200 

Enameling, wet process 

1200 

Strain relieving 

1200-1300 

Annealing cold-rolled strip 

1250-1400 

Porcelain decorating 

1400 

Heating brass for rolling 

1450 

Annealing nickel or Monel wire or sluM^ts 

1470 

Annealing high-carbon steel 

1500 

Heat-treating medium-carbon stv‘el 

1550 

Patenting wire 

1600 

Box-annealing steel sheets 

1600 

Vitreous-enameling sheet steel 

1600 

Annealing malleable iron, long cycle 

1600 

Heating copper for rolling 

1600 

Forging commercially pure titanium 

1600 

Annealing steel castings 

1650 


Heating devices that do not “show color/^ that is to say, in which 
the temperature is below 1000 F, arc commonly called ovens. How¬ 
ever, the dividing line between ovens and furnaces is not sharp. This 
statement is corroborated by the fact that coke ovens operate at a 
temperature in excess of 2200 F. 

Industrial operations for which the material is heated either in ovens 
or in furnaces extend through a wide range of temperatures. These 
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TABLE 1 (continued) 

Temperature to Which 
the Material Is Heated, F 

Heating Process or (Highest Temperature 

Subsequent Operation during Heating Process) 


Normalizing steel pipes 

1650 

Calorizing (baking in aluminum powder) 

1700 

Heating sheet bars 

1700 

Normalizing sheet steel 

1750 

Carburizing 

1750 

Pack-heating sheet steel 

1750 

Short-cycle annealing, malleable iron 

1800 

Cyaniding 

1800 

Glazing porcelain 

1830 

Vitreous enameling (castings) 

1850 

Bar and pack heating, stainless steel 

1900 

Normalizing stainless steel 

1700-2000 

Rolling stainless steel 

1750-2250 

Forging titanium alloys 

1600-1950 

Annealing manganese-steel castings 

1900 

Heating tool steel for rolling 

1900 

Heating sheet steel for pressing 

1920 

Heating spring steel for rolling 

2000 

Glost-firing porcelain 

2050 

Hardening high-speed steel 

2200 

Bisque-firing porcelain 

Heating steel blooms and billets for rolling; 

2250 

also rivet heating 

2275 

Heating steel for drop forging or die pressing 

2370 

Calcining limestone 

2500 

Welding steel tubes from preformed skelp 

2550 

Burning firebrick 

2400-2700 

Burning Portland cement 

2600 

Glass melting 

2600 

Steel melting 

3050 

Melting chromium steel 

3250 


temperatures depend partly on the material being heated and (for a 
given material) partly on the purpose of the heating process and of 
subsequent operations. Table 1 contains approximately correct tem¬ 
peratures for a number of materials and operations. Several remarks 
are in order concerning this table. It was compiled from a number 
of sources (including the experience of the authors), which were 
checked against one another. Many discrepancies were found. They 
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are probably due to differences in the material being heated (for 
instance, the carbon content of steel), to differences in practice, and 
also to the difficulties that are encountered in making high-temperature 
measurements. 

In any heating process, the maximum furnace temperature always 
exceeds the temperature to which the charge is to be heated 


2. GENERAL DESCRIPTION AND CLASSIFICATION 

The required temperature in furnaces is produced by the generation 
of heat. Two methods are emjiloyed: 

1. Combustion of fuel. 

2. Conversion of electric energy into heat 



Fig. 1. Batch type, or 



'^in-and-out” type of furnace. 


The combustion type of furnace is used to a much greater extent 
than the electric type; for many purposes, however, the electric type 
is preferred, because it offers advantages that cannot be measured 
in terms of fuel cost. 



Fig. 2. Continuous furnace with end discharge. 


Another classification is based on the handling of the material in 
its passage through the furnace. Two principal types are in existence: 

1. The in-and-out furnace, or ^‘batch^^ type, or ^^intermittent” or 
periodic furnace. 

2. The continuous furnace. 
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General Description and Classification 

These types are diagrammatically illustrated in Figs. 1, 2, 3, ana 4. 
In the in-and-out furnace the temperature is practically constant 
throughout the interior. The stock to be heated is laid in a certain 


Fig. 3. Discharge end of continuous furnace with 
side discharge. 



position and remains there until it is heated. It is then removed, gen¬ 
erally through the door by which it entered. Figure 1 shows a furnace 
of this type. 

In the continuous furnace, the charged material, or stock, moves 
while it is being heated. The straight-line type (Figs. 2 and 3) is very 
common. Either the material passes over a stationary hearth, or else 
the hearth itself moves. When the stationary hearth is employed, the 
material passes over skids or rolls, being carried down an incline by 
the force of gravity, or it is pushed through the furnace by mechanical 



Fig, 4. Continuous furnace with 
rotating hearth. 


pushers. Figure 2 illustrates a continuous furnace with “end dis¬ 
charge” and, more particularly, with “gravity discharge,” while Fig. 3 
represents the discharge end of a continuous furnace with “side dis¬ 
charge.” For many purposes the rotating-hearth or rotating-table 
furnace (Fig. 4) is very useful. The stock is placed on the hearth, 
and is removed after the table has almost completed a revolution. The 
material may also be fed through the furnace by screw action (see 
Fig. 5); the furnace is a revolving tube with an internal screw thread. 
The car-type furnace, illustrated by Fig. 6, has a movable hearth, 
which, however, is stationary during the heating period, and some¬ 
times also during the cooling period. The car is moved to a position 
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outside the furnace for loading and unloading. The furnace is mainly 
used for heating heavy or bulky material. A similar principle is em¬ 
bodied in the so-called elevator furnace. The hearth is loaded at floor 
level and is then moved up into the furnace, which is not illustrated 
because it is losing in importance. 

In furnaces that are heated by the combustion of fuel, many differ¬ 
ences exist because of the nature of the fuel. Furnaces in which lump 



Fig. 5. Continuous fur¬ 
nace of the screw conveyor 
type. 


coal burns on a grate usually have a bridge wall, over which the flame 
sweeps into the furnace. Furnaces of this type have practically dis¬ 
appeared from the market. A small number of industrial furnaces 
are fired by powdered coal. 

In any of these modifications, the place where combustion takes 
place and the manner of directing the products of combustion serve 
as an additional basis of classification. If the flames are developed 


Fig. 6. Car-bottom tyix' of furriaco. 


in the heating chamber proper, as in Fig. 1 or in Fig. 4, tlie furnace 
is said to be direct-fired. It is sometimes called the oven-type or 
box-type furnace. 

If the flame is produced under the hearth (Fig. 7) and then swecjis 
up into the heating chamber, the furnace is said to be ‘^underfired.” 
If the flame is developed in a combustion chamber at one side of the 
heating chamber and then passes over a bridge wall into the heating 
chamber (Fig. 8) the furnace is said to be “sidefired.” Finally, if the 
flame is developed in a space above the heating chamber (Fig. 9) and 
pours into it through a perforated arch, the furnace is said to be 
“overfired.” In this paragraph, the word “flame” is used for the sake 
of brevity, meaning “highly heated products of combustion.” The 









7 


General Description and Classification 

term ^'reverberatory furnace” means the type of furnace in which 
flame is developed at some distance above the hearth and is then 


Fig. 7. Underfired furnace. 


deflected onto the heartli by an arched or sloped roof. The term 
‘'reverberatory furnace” is common in the metal-smelting industry 
but is not used in connection with industrial furnaces, in this book. 


Fig. 8. Sidefired furnace 


il 


For medium or low temperatures, the recirculation furnace or 
furnace with forced circulation is preferred, if uniformity of tempera¬ 
ture is to be attained (Fig. 10). 


Fig. 9. Over-fired furnace. 


In all these types, the products of combustion come in contact with 
the stock which is to be heated. For certain processes such contact 
is injurious to the material being heated; in such cases the stock or 
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charge is sometimes enclosed in a muffle which, as a rule, is heated 
by products of combustion. A muffle furnace is sketched in Fig. 11; 
the muffle is indicated by the closed, solid, heavy line. A double¬ 
muffle furnace is shown in Fig. 12. Not only is the charge (in this 
case a pile of sheets) enclosed in a muffle, but the jiroducts of com¬ 
bustion also pass through muffles, which are called radiant tubes. 



Fig. 11. Muffle furnace 


Many furnaces require a special atmosphere for protection of the 
stock from oxidation or decarburization, or for other purposes, and 
are built with a gas-tight outer casing surrounding the refractory 
lining. Heat is supplied by fuel-fired radiant tubes or by electric 
resistance elements. 

If protection against high temperature is more of an object than 
protection from furnace atmosphere, the roof of the muffle is omitted 
and the furnace bears the name ‘‘semi-muffle furnace.” In a sense, 
pot furnaces are also semi-muffle furnaces, because there is no roof 
on the muffle, which in this case is the pot. And yet, they are full- 
muffle furnaces, because the products of combustion cannot contact 
the contents of the pot, which may be a metal or a salt bath. A pot 
furnace is illustrated in Fig. 13. 

An additional classification is based on the use of the furnace and 
the shape of the material to be heated. There arc “soaking pits” or 
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ingot-heating furnaces, for the heating of large ingots and slabs in a 
vertical position. There are forge furnaces (one form of which is 
illustrated in Fig. 14) in which the end of a bar of almost any shape 
is heated for forging or welding. If the ends of many bars are to be 
heated at one time, as in drop-forging practice, the furnace is equipped 



with a horizontal slot for admitting the bars and is called a drop-forge 
furnace or a slot furnace (Fig. 15). Bolt-heading furnaces are very 
similar. From the name of the material that is being heated are 
derived the following names: plate furnaces, angle furnaces, rivet 
furnaces, sheet and pair furnaces. 

In carburizing furnaces the material which is to be case-hardened 
is either packed in a carburizing powder and heated in pots or is 


Fig. 15. Slot-type furnace. 



heated in a carburizing atmosphere. The furnace illustrated by Fig. 16 
is equipped with radiant tubes and can be used with either method. 
Carburizing is also done in rotating drums which are filled with a 
gas that is rich in carbon. 

In combustion furnaces of the batch type and also in most continu¬ 
ous furnaces, the products of combustion leave at a high temperature 
and carry with them a large amount of heat which cannot be utilized 
directly in the furnace. Part of this heat is recoverable either by 
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Fig. 16. Gas carburizing furnace with radiant tubes. 


preheating cold stock or by preheating combustion air. In some cases, 
as when clean producer gas or blast-furnace gas is burned, the fuel 
itself is also preheated . A simple arrangement for preheating cold 
stock is illustrated in Fig. 17. Tools that are to be heated for harden- 


Fig. 17. Tool furnace with preheat 
chamber above. 



ing are laid on the upper shelf and, later on, are transferred to the 
lower shelf or hearth. Preheating the combustion air is accomplished 
by two distinctly different methods. In one method (Fig. 18), the 
outgoing flue gases transfer a part of their heat to the incoming air, 
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in a steady flow through a wall. This heat exchanger is called a 
‘^recuperator/^ and the furnace is said to be of the recuperative type. 
In another type, the outgoing products of combustion impart heat to 



brickwork or to metal placed in a heat-exchanger chamber, while the 
incoming air absorbs heat from the brickwork or i)lates of another 
heat-exchanger chamber, which had previously been heated up by 
the flue gases (Fig. 19). The direction of the flame is reversed at 




Fig, 19. Regenerative furnace. 


regular intervals. This furnace is said to be of the regenerative type; 
it is also called a “Siemens^^ furnace, having been invented by Sir 
William Siemens and Friedrich Siemens. 

Originally, the terms “recuperator^^ and “regenerator” were applied 
indiscriminately to both these types of heat-saving devices (Figs. 18 
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and 19). Gradually it became standard usage to classify as “regen¬ 
erative^^ those furnaces in which heat flowed alternately into and out 
of one and the same heat-exchanging surface, and in which the direc¬ 
tion of air and gas flow in the furnace was periodically reversed. As 
“recuperative^^ were classified those in which heat flowed constantly 
in through one surface and out through the other surface of a wall 
separating the air from the gases, and in which the flow of air and 
gases was uninterrupted and always in the same direction in both the 
heat-saving device and the furnace proper. In some types of heat 
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Fig. 20. Tunnel kiln. 


exchangers, as described in Volume II of Industrial Furnaces, it has 
been possible, while operating the individual heat-exchanging cham¬ 
bers on the regenerative principle, to afford a constant flow of pre¬ 
heated air, always in one direction, from the apparatus as a whole. 
The blast furnace (in which pig iron is produced), together with the 
regenerative stoves, is an example of this type of heat salvage. For 
furnaces equipped with these exchangers our present language fails; 
they are regenerative with regard to heat exchange, but recuperative 
by being furnished a steady, uninterrupted flow of preheated air 
always in the same direction. The term “uniflow regenerative” may 
be appropriate. 

Both principles of heat salvage, namely, preheating of cold stock 
and preheating of combustion air, are used in the so-called tunnel 
kiln (tunnel furnace), which was adapted to metal-annealing purposes 
from ceramic practice. In this furnace, which is illustrated in Fig. 20, 
the material which is to be annealed enters from the left and is 
gradually heated by the products of combustion, cooling the com- 
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bustion products to a low temperature. After having passed through 
the zone of highest temperature (soaking chamber), the annealed 
material gives up its heat to the combustion air, preheating it very 
effectively. 

This discussion has by no means exhausted the list of types. There 
are stationary furnaces and portable furnaces; there are also many 



forms of “automatic furnaces,’^ in which the stock is carried through 
the heating chamber by a conveying mechanism. A furnace with a 
chain conveyor is illustrated in Fig. 21. Other forms of conveyors 
are wire belts, rocker bars, and rollers. Figure 22 illustrates a furnace 
with conveyor rolls. 



As previously stated, a large number of furnaces are heated by 
conversion of electric energy into heat. This conversion may be 
effected by one or more arcs, by primary or induced currents flowing 
through resistors, or by currents induced in the charge itself. Al¬ 
though most electrically heated industrial furnaces are of the resistor 
type, the induction type is preferred for some purposes. 






IS 


Elements of Furnace Construction 

Different materials are used for electrical rfBsistance in furnaces 9 f 
the resistor type. Most resistors are metallic, the metal being a nickel- 
chromium alloy, in the shape of rolled strip or wire, or of cast grids. 
Other resistor materials are molten glass, granular carbon, solid carbon. 


Fig. 23. Electrically heated furnace with metallic 
resistors. 



silicon carbide, and graphite. A resistor-type furnace is illustrated 
in Fig. 23. It is occasionally possible to use the material that is being 
heated as a resistor. Inductive heating is diagrammatically illustrated 
by Fig. 24. A current of high frequency passes through a coil which 
surrounds the heating stock. 


Single-turn copper tube coil 
carries high-frequency > 
current 


Area of work 
surrounded 
by coil IS 
inductively 
heated 



workpiece 
to be heated 

Water flows 
through tube 
for cooling 


induction-heating unit 


Fig. 24. Heating by induction. 


It must be understood that the brief description and the incomplete 
classification given in this section serve merely as an introduction to 
this volume, and were written from the standpoint of furnace con¬ 
struction rather than from that of production of heated material and 
suitability to plant conditions. In the second volume there is a classifi¬ 
cation based on the factors that govern the selection of a furnace to 
suit a given industrial-heating operation. 


3. ELEMENTS OF FURNACE CONSTRUCTION 

The elements from which furnaces are built up are simple and 
well known, but it seems advisable to describe them briefly at this 
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point, so that there may be no misunderstanding later. In the great 
majority of furnaces, the stock or charge to be heated rests on a 
hearth. In order to protect the foundation and prevent the hearth 
from becoming soft and mushy, open spaces are frequently provided 
under the hearth for the circulation of air; the hearth is then said 
to be ventilated. Fuel and air enter the furnace through ports or 
burners. The burners fire through burner tiles. The products of com¬ 
bustion leave the furnace through vents and pass through flues to the 
stack. The furnace interior can be observed through peepholes or 
sightholes. The heating chamber is surrounded by the sidewalls 
carrying the roof, which is usually in the shape of an arch resting with 
its skewback on the sidewalls or on external steel work. The support 


□ Fig. 25. Methods of laying brick arches. 

E Rings 

- —Bonded 


for the skewback is known as the abutment. The skewbacks form 
the spring of the arch, and the highest point of the arch is called the 
crown; the distance between the crown and the chord joining the skew- 
backs, or springers, is called the rise of the arch. 

The thrust exerted by the arch is taken up by the binding, which 
consists of vertical buckstays (made of iron or steel castings, rails, or 
structural material) and of the tie rods, or tie channels, which hold 
the buckstays together. As a rule, the roof is arched in one direction 
only. If the arch is curved in two directions, it is known as a turtle- 
back arch. Arches are laid up “in rings^^ or are “bonded.When 
laid up in rings, the arch consists of a number of separate layers; 
when bonded, the bricks of one row reach over into the next row. 
Figure 25 illustrates the difference.* The roofs of modern, large 
furnaces are suspended and are not necessarily arch-shaped. 

The most common material for furnace construction is firebrick, 
which is made of fireclay. Firebricks are classified as superduty, high- 
duty, intermediate-duty, and low-duty brick. The low-duty bricks 
contain minerals which lower the softening point of the bricks. The 
bulk of the brickwork is built up of standard bricks, the size of which 
for many years was (and still is) 2^ by 4% by 9 in. Another size 
of brick, 3 by 4% by 9 in., is gaining in favor. This means that bricks 

♦ Very complete information on all details of brickwork can be found in Bricks 
layer Trade Theory Manual, United States Steel Corporation, Pittsburgh, Pa., 1949. 
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of many shapes are now available in two series, which are known as 
the 2|4-in- and the 3-in. series. In each series, a brick of half thick¬ 
ness is known as a “split,” while a brick of half the width is called 
a “soap.” In order to avoid expensive cutting of bricks, furnaces are 
built in multiples of brick dimensions. All makers of firebrick regu¬ 
larly make arch brick, wedge brick, doorjamb brick, and bricks of 
many other shapes which are listed in catalogues and price lists. The 
price lists are accessible to anybody and are easily obtainable. 
Special shapes are made to order. They are more expensive than 
the standard shapes that are listed in the catalogues. For the reduc¬ 
tion of heat losses, furnaces are frequently built of insulating fire¬ 
brick (also called lightweight firebrick) or else are covered with an 
insulating material which is a finely divided refractory material. 
Lightweight bricks now also serve as insulation by backing up dense 
firebricks. Firebricks are seldom laid dry; as a rule, they are laid 
with a thin layer of mortar between them. Firebricks are occasion¬ 
ally protected against heat and furnace atmosphere by a wash, which 
is either brushed on or sprayed (shot) by a furnace gun. 

Other materials for walls and roofs of furnaces are plastic fireclay 
rammed into place, and hydraulic heat-resisting concrete (castable). 

Further and more detailed information on these points is contained 
in later chapters. 



chapter 


The Heating of Solids 
in Industrial Furnaces 


1. QUANTITY OF HEAT TO BE IMPARTED 
TO THE CHARGE 

If solid pieces are to be heated in a furnace, heat must first be 
generated (liberated, released) in the furnace. The heat must then 
be transferred to the material which is to be heated (heating stock, 
charge, ware) and must finally be so distributed in the charge that 
the specifications of the metallurgical or ceramic engineer are met. 
These specifications cover final temperature of charge, uniformity of 
temperature in the charge, and time at temperature. Occasionally, 
rates of heating and of cooling are specified. 

For a clear understanding of the heating process, it is advisable to 
begin with the physical properties of the material that is to be heated. 

The heat that is to be imparted to the stock equals weight of stock 
times temperature-rise times mean specific heat of stock. 

Handbooks contain information on the mean specific heat of metallic 
and non-metallic materials. The heat of important ferrous and non- 
ferrous metals may be obtained from the curves of Fig. 26. Figure 27 
shows the heat content of iron and steel, illustrating the effect of 
varying percentages of carbon, as determined by several experimenters. 
The addition of the usual small amount of alloying elements, such as 
nickel, chromium, or manganese, changes the heat content of steel by 
only a negligible amount. The specific heat of “InconeP^ (79.5 per 
cent nickel, 13 per cent chromium, 6.5 per cent iron) differs by only 
1 per cent from the specific heat of mild steel. 

The method of using the curves (Figs. 26 and 27) to find how much 
18 
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Fig. 26. Heat content of metals at various temperatures. 


heat is absorbed by the stock, is illustrated by the following example: 
A bar of 0.30 per cent carbon steel, weighing 250 lb, has a temperature 
of 100 F when put into the furnace; it is to be heated to 2200 F. From 
Fig. 27, the heat content (above 0° F), when the bar is put in, equals 
11 Btu per lb; and, when the bar is taken out of the furnace, if it is 
uniformly heated throughout to 2200 F, the heat content is 369 Btu 
per lb. Therefore, 250 lb times (369 — 11) (Btu per lb) = 89,500 Btu, 
the heat absorbed by the bar. 

Extreme accuracy in the knowledge of heat content is seldom neces¬ 
sary, because the final temperature of the charge is uncertain within 
a range of ±:10 F for low temperature (1400 F) and ±25 F for high 
temperature (2200 F). 

If a furnace is to be used for heating materials in which the high 
temperature causes chemical reactions, specific heats and reaction 
heats should be looked up in handbooks of chemical engineering. An 
example is the burning of lime. 

In the heating of ceramic materials, much heat is required for 
evaporating moisture. 

Heat Required for Enameling. In addition to imparting sensible heat, 
enameling requires heat for fusion and chemical reactions. For that reason it 
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lies partly outside the scope of this book; but, since the metal to be enameled 
requires a large part of the total heat, data on enameling are furnished in the 
following paragraphs. 

In vitreous-enameling practice, the batch composed of borax, quartz, feld¬ 
spar, soda, cryolite, and metallic oxides is first melted to form a glass, which 
is then disintegrated by pouring into water, forming the ''frit.” The heat 
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Fig. 27. Effect of varying percentages of carbon on the lieat content of iron and 
steel. 

absorbed in the formation of the frit, including sensible heat in raising it to 
2000 F, heat of fusion, and heat absorbed by chemical reactions, is 1540 Btu 
per lb of frit for the first or grip coat, or ground-coat enamel, and 1330 Btu 
per lb of frit for the cover-coat enamel (for representative batch mixtures). 

The frit is ground to powder with the addition of about 12 per cent of its 
weight of clay and quartz or tin oxide, mixed with water (45 per cent by 
volume), coated on the metal to be enameled, and dried before it enters the 
enameling furnace. The heat absorbed by the enamel itself, when heated to 
1650 F but not including drying, is 395 Btu per lb of grip-coat enamel, and 
370 Btu per lb of cover-coat enamel. The weight of enamel applied is about 
0.077 psf for the grip coat, and 0.108 psf for the cover coat, on each side of 
the metal.* The heat absorbed by the enamel, in heating to 1650 F, then is 
61 Btu per sq ft for the grip coat, two sides, and 61 -f 79 = 140 Btu per sq ft 
for the cover coat. The heat absorbed by the metal itself, if of 24 gage sheet 
steel (0.025 in. thick), is about 280 Btu per sq ft; hence, the heat taken up by 

♦Data from Ingram-Richardson Manufacturing Company, Beaver Falls, Pa., 
and Federal Enameling and Stamping Company, Pittsburgh, Pa. 
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Flow of Heat in the Charge 

the enamel is about 22 per cent as much as the heat in the metal during the 
first heating and 50 per cent during the second hea^ng, amounts that are by 
no means negligible. The thicker the metal, the less are the percentages 6f 
heat absorbed by the enamel, and for castings, of course, they become very 
small. In addition, the supports which carry the ware through the furnace 
usually absorb as much heat as the metal plus coating together, although 
efforts have been made to reduce the weight of these fixtures by proper design. 

Japanning. Japan coatings consist of a gum or resin, such as gilsonite; a 
small amount of pigment, such as lampblack; a drying oil, usually linseed oil; 
and thinning oils, chiefly benzene and kerosene, added for ease of application. 
The metal parts are usually coated by dipping in the liquid, and are then 
baked in an oven, at temperatures rising to, usually, 375 F, sometimes 450 F, 
for black japan, but seldom exceeding 200 F for colored finishes. Heat is 
absorbed in heating the pigment; and in fusing the resin. Some heat is 
evolved by the oxidation of part of the linseed oil. The japan film which 
remains, consisting of pigment, resin, and probably a small amount of oxidized 
oil, is about 27 per cent, by weight, of the original mixture, the film is about 
0.0009 in. thick. 

The heat absorbed is about 300 Btu per lb of the liquid mixture, or 1110 
Btu per lb of the film, the density of the latter being estimated at about 68 
pcf. Hence, for flat sheet steel, 20 gage (0.0375 in. thick), the heat absorbed 
by the coating, up to 450 F finishing temperature, is about 11.6 Btu per sq ft. 
This amounts to about 15 per cent of the heat in the steel itself, for each coat 
of japan. 

Additional Heat Requirements. In many heating operations, additional 
heat is needed. If the charge rests in containers or on trays, such supports 
must be heated. Water-cooled skids absorb heat. And if furnace and charge 
are to be heated together from cold conditions, the furnace walls may absorb 
almost as much heat as the charge. These items of heat are discussed in later 
chapters. 


2. FLOW OF HEAT IN THE CHARGE 

If a bar is heated by an electric current that flows through the bar, 
heat is generated uniformly in the cross-section of the bar. But in 
the great majority of heating processes heat enters the stock through 
its surface and flows from there into the interior of the stock or charge. 
Heat flow requires a difference of temperature in the stock. The 
effect of some of the variables in heat flow is illustrated by the simple 
case of steady flow of heat through a plate. The steady flow of heat 
is represented by the following equation: 


Heat flow, 
Btu 

Conductivity, 

Btu per (ft, hr, F) 

Area, 
sq ft 

Temperature 
difference, F 

Q 

C X 

A 

X (Ti - Ti) 

t 


s 


Hours 

Thickness of plate, ft 
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But in a charge that is being heated, the flow is seldom parallel (such 
as in a plate), and is never steady. It is transient, which means that 
the temperature at a given point in the stock changes as time goes on. 
In transient flow of heat, equation 1 is replaced by three differential 
equations, each of which holds for one of the three coordinates of 
space. The general solution of these differential equations, by means 
of which the temperature of a given point can be found for a given 

Steel Steel Copper Copper 



(a) (b) (c) (d) 

Fig. 28. Temperature rise in plates heated from both sides with different furnace 
temperatures. 


time, is usually impossible. The equations have been solved for a 
few simple shapes, such as the plate, the cylinder, and the sphere. 
The solutions have been incorporated in charts which are given in 
Appendix 1 (a), with examples for their use. These charts are approxi¬ 
mations only, because they are based upon a conductivity that is 
constant, independent of temperature, and on constant coefficients 
of heat transfer, neither of which assumptions is correct. 

In spite of these imperfections, the charts afford a good insight into 
the temperature distribution in solids that are being heated or cooled. 
Figure 28 was drawn from calculations that were made from Figs. 344 
and 347, to show how the temperature rises in plates that are heated 
from both sides. Sketches a and b hold for steel, whereas c and d 
were drawn for copper. Sketches b and d were drawn for a furnace 
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temperature that is much higher than the final metal temperature 
(high-speed heating). The munerals pointing to the curved tempera¬ 
ture lines indicate the time in minutes that has elapsed from the 
beginning of the heating process. 

Two conclusions can be drawn from these illustrations. The first 
is that, in high-speed heating, the temperature in steel is far from 
uniform, when the desired final temperature has been reached. The 
second conclusion is that, under comparative conditions, temperature 
is better equalized in copper than in steel, which fact of course, is the 
direct result of the difference in thermal conductivities. 


Fig. 29. Diagram showing 
rise in temperature of a strip 
or ring of material in an ele¬ 
ment of time. 



Curves such as those of Fig, 28 can be obtained graphically by 
what is commonly known as the Schmidt method, which is explained 
in Appendix 1(6). In that method, finite small differences are sub¬ 
stituted for the infinitely small differentials of the general equation. 
The Schmidt method has two advantages: Heating can start from 
any temperature distribution in the stock at the beginning of the 
heating period, whereas the use of the charts (Figs. 344-349) requires 
a uniform temperature at the start. The Schmidt method also can 
take care of variations in the coeflScient of heat transfer. 

Heat flow may also be investigated by drilling holes in a full-sized 
specimen and inserting thermocouples. The method is expensive, but 
it is often used. 
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From Fig. 28 it follows that thermal conductivity exerts a great 
influence upon the temperature distribution in solids in the flow of 
heat. However, thermal conductivity is not the only important prop¬ 



erty. Another property which is called diffusivity is also important. 
Dififusivity (sometimes called ‘‘temperature conductivity”) equals 

Btu per (ft, hr, F) 

Thermal conductivity 
Specific heat X Density 

Btu/lb F Ib/cu ft 

The effect of this quantity in transient flow of heat becomes clear 
from the following reasoning. In transient flow of heat, temperature- 
location curves are never straight, because straight lines indicate 
steady, constant flow of heat. In Fig. 29, the two curved lines repre- 
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sent temperature distribution in the solid at the beginning and at the 
end of a short interval of time. The cross-sectioned area indicates, 
the rise of temperature in a strip or ring of the material being heated. 



0 200 400 600 

Temperature, C 

Fig. 31. Ratio of thermal conductivities at any temperature and at freezing tem¬ 
perature (32 F). 

It also indicates the heat imparted to the element, which heat equals 
weight times specific heat times temperature rise. The greater the 
ratio 

Thermal conductivity 
Specific heat X Density 

the more rapidly the temperature diffuses (is conducted) into the 
region of lower temperature. The utility of ''diffusivity'^ is shown in 
later chapters and in the Appendix. 

Table 2 gives values of conductivity and of diffusivity of materials 
that interest furnace men, as far as they are known at the present time. 

Thermal conductivity of solids varies with temperature, and so does 
diffusivity, because thermal conductivity is a factor of diffusivity. 
Specific heat and density vary but little with temperature, except in 
the case of steel, where the recalescence point introduces a discon¬ 
tinuity. 
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TABL£ 2. Conductivit>^, Specific Heat, and Dififusivity 
of Metals at Ordinary Temperatures (100 F) 

Compiled from Landolt-Bornstein Tables and Other Sources 


Metal 

Heat 

Conductivity, 
Btu per 
(ft, hr, F) 
at 100 F 

Density, 

pcf 

Thermal 
Capacity, 
Btu 
per 
(lb, F) 
at 100 F 

DifiFusivity or 
Temperature 
Conductivity 
at 100 F 
(Units are sq 
ft per hr) 

Pure iron 

1 

33 

490 

0.110 

0.61 

Machinery steel 

30 

488 

0.115 

0.54 

Tool steel 


23 

481 

0.120 

0.40 

Cast iron (gray) 

31 

442 

0.13 

0.64 

Malleable iron 


(Same as cast iron) 

458 

0.122 

0.55 

Chrome steel, 

3% Or 

21 




r (Varies with 

10% Cr 

13 

483 

0.120 

0.22 

heat treat- 

20% Cr 

10 




L ment) 






Nickel steel, 5 

%Ni 

18 ‘ 

492 



10% Ni 

16 




30% Ni 

5 

500 

0.119 

0.09 

Manganese steel, 10% Mn 

7.2 

498 

0.125 

0.12 

Copper 


220 

558 

0.104 

3.8 

Brass 


58 

530 

0.092 

1.2 

Bronze 


42 

510 

0.086 

1.0 

Manganese bronze 

42 




Phosphor bronze 

33 

554 

0.087 

0.68 

Monel metal 


16 

555 

0.13 

0.22 

Nickel 


33 

537 

0.103 

0.(‘)0 

Aluminum, cast 

108 

165 

0.248 

2.6 

Aluminum, drawn and 





annealed 


126 

168 

0.248 

3.0 

Aluminum alloy, 92% A1 





+8% Cu 


88 

180 


(2.3) 

Aluminum alloy, 8% Cu 





+1% other metals 

75 

178 

0.214 

2.0 

Zinc 


63 

446 

0.094 

1.5 

Die-casting metal, zinc 





base 


64 

432 



Lead, solid 


19 

708 

0.031 

0.87 

Lead, molten 


9.6 

650 

0.034 

0.43 


Figures in parentheses are estimated values. 
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The variation of thermal conductivity as a function of temperature 
is illustrated by Figs. 30 and 31. Figure 31 reVeals a peculiar fact, i 
The thermal conductivity of pure metals drops with rising temperature, 
whereas the thermal conductivity of alloys rises with temperature. 

TABLE 3. Composition of Steels for Which Thermal 
Conductivities Are Given in Fig. 32 


Composition in Per Cent 


No. 

c 

Si 

Mn 

Cr 

Ni 

Mo 

w 

1 

Pure Iron 99.95% Fe 





2 

0.23 

0.11 

0.63 




, , 

3 

0.43 

0.20 

0.69 

. , 


. . 


4 

0.31 

0.20 

0.69 

1.09 




5 

0.32 

0.18 

0.55 

0.17 

3.5 



6 

0.32 

0.25 

0.55 

0.71 

3.4 



7 

0.34 

0.27 

0.55 

0.78 

3.5 

0.39 


8 

0.13 

0.17 

0.25 

13.0 

0.14 



9 

0.27 

0.18 

0.28 

13.7 

0.20 


0.25 

10 

0.71 

,, 

0.25 

4.3 

.. 


18.4 

11 

0.08 

0.68 

0.37 

19.1 

8.1 


0.60 

12 

1.22 

0.22 

13.0 

. . 




13 

0.46 

1.3 

1.2 

15.2 

26.9 


2.8 


Steels of various compositions exhibit surprisingly great variations 
of thermal conductivity. This statement is proved by Fig. 32. At 
room temperature the thermal conductivity of steel No. 1 is six times 
as great as that of steel No. 13. This great variability makes accurate 
calculation of transient temperatures impossible. 

The difference in thermal conductivity affects the flow of heat and 
the temperature distribution in steel, which fact is illustrated by 
Fig. 33 {Industrial Heating, June 1956, page 1224). The three curves 
were drawn for a skin temperature of about 1000 F. The curve in the 
middle was drawn for constant, average conductivity. Curve (1) was 
drawn for steel No. 1 of Fig. 32, whereas curve (13) was drawn for 
steel No. 13. The significance of these temperature distributions 
appears in the chapter that deals with the heating capacity of furnaces. 
Curves 1 and 13 are estimates because the differential equations of 
heat flow in metals with varying conductivity have not yet been 
integrated. 

Solid material that is heated in industrial furnaces is not neces¬ 
sarily continuous. Very often the charge consists of separate indi¬ 
vidual pieces that are piled to various depths or of coiled material. 
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In charges of this description, heat flows in each solid piece as before, 
but flows from one piece to the adjacent piece through small contact 
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Fig. 32. Thermal conductivity of ferrous alloys given in Table 3. 


surfaces and through gas-filled spaces, the thermal conductivity of 
which is very small. A pile of fish-hooks is a good example of low 
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overall conductivity. Rapid heat flow in each piece of a piled charge 
is obtained by circulation of hot gases throu^ the piled material.. 
This situation leads to the discussion of the next step. 


Fig. 33. Temperature distribution with same 
heating rate. Middle curve for average conduc¬ 
tivity ; others for steels in Fig. 32. 



3. TRANSMISSION OF HEAT TO THE SURFACE 
OF THE CHARGE 

In theoretical classification, heat is transferred by conduction or 
by convection or by radiation. In furnace practice, heat is trans¬ 
ferred by a combination of all three means. Hundreds of papers and 
large books have been published on heat transfer.* In this book 

* For a concise treatise on heat transfer, see Max Jakob, **A Survey of the 
Science of Heat Transmission,” Purdue University, Industrial Bulletin 68. 
Elementary textbooks are Brown and Marco, Introduction to Heat Transfer, 
McGraw-Hill, 1942, and Jakob and Hawkins, Elements of Heat Transfer, John 
Wiley, 1957. More complete works are W. H. McAdams, Heat Transmission, 
McGraw-Hill, and Schack, Smith, and Partridge, Industrial Heat Transfer, John 
Wiley (out of print). The third (German) edition of the last book is very 
complete. 
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only those essentials of heat transfer are discussed that are helpful 
to designers and operators of industrial furnaces. 

In heat transfer by conduction, the molecules of both the hot mate¬ 
rial and the cold material retain their relative positions, while the 
two bodies are in contact. 



Fig. 34. Effect of conductivity and time on temperature gradients of two solids 
of different temperatures when heat is transferred by conduction. 

(a) By Conduction. Heat transfer solely by conduction to the 
charge is rare in industrial furnaces. It occurs when cold metal is 
laid on a hot hearth. It also occurs, for a short time, when a piece 
of metal is submerged in a salt bath or a bath of molten metal. If 
two pieces of solid material are in contact (not separated by a layer 
of air or other fluid) the contacting surfaces instantly assume an 
identical temperature that lies somewhere between the temperatures 
of the contacting bodies. The temperature gradients at the contacting 
surfaces are inversely proportional to the conductivities of the con¬ 
tacting materials, as indicated in Fig. 34. The amount of heat 
transferred in unit time depends not only on the temperatures of 
the two bodies but also on the diffusivity and the shape of the 
contacting bodies. 

In practice, comparatively little heat is transferred to (or abstracted 
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from) the charge by conduction, although a frequent case of heat 
abstraction is the transfer of heat from a bloom'to water-cooled skids; 

Example. a bloom of 2000 F is pushed along a water-cooled 214-in. skid 
pipe, to the top of which is welded a 1-in. square steel bar. This arrangement 
makes the distance from the interface to the water equal to 0.11 ft. The water 
has been softened and has 160 F. The contacting surfaces have a temperature 
somewhere between 2000 F and 160 F. Because of variations in thermal con¬ 
ductivity with temperature and because of difference in conducting areas on 
the hot and cold sides, the temperature of the interface is estimated to be 
1000 F. The temperature difference then is 1000 — 160 = 840 F. The 
average conductivity of steel between 1000 F and 160 F == 30 Btu per 
(ft, hr, F). The heat conducting area per foot of length of pipe equals 
0.083 sq ft. Then the rate of heat transfer to the skid pipe equals 
30 X 0.83 X 840/0.11 - 19,000 Btu per (ft, hr). 

When a piece of cold metal is thrust into molten salt or lead or 
other molten metal, the salt or lead freezes on the surface of the cold 
metal, and heat is transferred by conduction only. After a very short 
time, the solid jacket is melted. From that time on, heat is transferred 
by conduction and by convection. For that reason, discussion is 
postponed to the next section. 

It should, however, be mentioned here that experimental determi¬ 
nation of the heat transfer coefficient in the heating of metal in liquids 
is extremely difficult. For that reason, practice has adopted the 


Fig, 35. Illustrating film theory of convection 
to surfaces. 


method of recording the overall results. An example is shown in 
Fig. 75, which shows “time in bath” for good results as a function 
of thickness of strip and wire. 

(b) By Convection. By molecular and mass attraction, a layer 
of fluid is held at the surface of each solid. Heat is transferred 
through this stagnant layer by conduction. If a stream of gaseous 
fluid flows parallel to the surface of the solid, as indicated in Fig. 35, 
the vibrating molecules of the stationary and of the moving gases 
tangle. The skin of the stagnant layer is speeded up, and that of 
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the moving stream is slowed down. The thickness of the stagnant 
(poorly conducting) boundary layer is reduced and heat transfer is 
increased. 

Tests have shown that the transfer of heat per unit area in unit 
time is a function of mass velocity. For gaseous flow along plane 
walls, the equation is 

j = 7.28 X 9 X (Ti - T 2 ) X « (2) 

Ji. 

In words, heat transferred (Btu) to area A (sq ft) equals 7.28 times 
density q (pcf) of fluid times velocity c of fluid (ft per sec) to the 
0.78 power times difference of temperature (F) between the fluid and 
wall times time t (hr). 

Although use of the log-log slide rule has facilitated calculation 
with fractional exponents, most furnace engineers dislike them. The 
following equation avoids fractional exponents and is sufficiently 
close for all practical purposes: 

Difference of 

Btu sq ft Ib/cu ft ft/bcc temp , F hr 

Q = A X (1 + 2.7 q X c ) {1\ - T 2 ) X t (3) 

The use of the more correct equation is justified in the calculation 
of tubular heat exchangers, such as recuperators, but is out of place 
in the calculation of furnaces. Gas-velocities and gas temperatures 
vary from place to place in the furnace. The gas stream soinetimc's 
passes along the roof and does not contact the heating stock. In many 
furnaces, the charge consists of individual pieces that rest on trays. 
Such a charge has no plane surface, but rather an aggregate of cylin¬ 
drical and spherical surfaces. Gases impinging ujK)n them follow 
different laws of heat transfer. In such cases, equation 3 offers only 
a generalized idea of the influence of mass velocity upon heat transfer. 

In furnaces that carry a temperature of 1100 F or lower, heat trans¬ 
fer by convection is of greatest importance. Velocities of circulating 
gases are purposely so high, that ihv coefficients equal 6 Btu (])er 
sq ft, hr, F) and even higher. At low furnace temperatures (and in 
ovens) high coefficients, Btu i)er (sq ft, hr, F), can be obtained only 
by high velocities of furnace gases, because heat transfer by radiation 
at 1000 F is less than one-tenth of what it is at 2200 F. This situation 
is discussed in the following section. 

(c) By Radiation between Solids* It is a common experience 
that hot solid bodies radiate heat. They radiate some heat even at 
low temperatures. The heat transferred by radiation from a hot solid 
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to a colder solid equals the difference between the heat radiated from 
the hot body to the cold body and the heat radiated from the cold body • 
to the hot body. 

The heat radiated from a solid body is given by the equation: 

Btu per 
(sq ft, hr) 

~ = Coefficient X T* (4) 

Absolute 
temperature, F 

The coefficient is exceedingly small and the fourth power of the abso¬ 
lute temperature is exceedingly great. For that reason, the radiation 
equation is commonly written in the following manner: 


Coefficient (i)‘ (6) 

The greatest possible value of the coefficient in equation 5 is 0.173. 
For any solid, the coefficient equals 0.173 times emissivity. The emis- 
sivities of materials commonly encountered in industrial furnaces are 
given in Fig. 36. Emissivity equals absorbivity. By this latter term 
is meant the heat which is absorbed by a body as a fraction of the 
greatest possible heat absorption in unit time and by unit area. 

The coefficient 0.173 is called the blackbody coeflBcient. Equation 5 
expresses the heat which a solid body emits by radiation; it does not 
express the heat transferred to the surroundings. The heat actually 
transferred is the difference between emitted heat and heat received 
by radiation from the surroundings. This difference (which equals 
the heat actually transferred by blackbody radiation) equals 


Btu Blackbody 

hr coefficient 


Q = 0.173 


Absolute temp, 
of hotter body, F 



surrounded 
body, sq ft 


Absolute temp, 
of colder body, F 



( 6 ) 


Neither the materials heated in furnaces nor the furnace walls are 
blackbodies. If both heat-exchanging bodies have the same emis¬ 
sivity, the coefiicient 0.173 in equation 6 is multiplied by the emissivity. 
If the emissivities differ, the coefficient is composite, and the equation 
becomes, for two parallel plates. 


Smaller area Time 

Btu sq ft hr 

^ ^1 X t X 0.173 [{IlY - 

^ 1 + ^ ( I -i) LViooy Vloo/ J 

ei .42 \ 62 / 

Emissivity Larger Emissivity 

of Ai area of Ai 


(7) 
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Equation 7 is correct for radiation through vacuum or through trans¬ 
parent gases that do not absorb heat. 



The expression Ti* — T 2 * can be factored 

Ti* - T 2 * = (Ti - T2)(Ti^ -h Ti^T2 + TiT2^ + T2^) 

If Ti and T 2 are not far apart, the difference of the fourth powers of 
temperature approximately equals: 

HT, - T2) 

This expression teaches that even small temperature differences result 
in high rates of heat transfer at elevated temperatures. For instance, 
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one degree F temperature difference at 2200 F causes about 6% times 
as much transfer of heat as one degree temperature difference causes 
at 1000 F. It follows that the coefficient of heat transfer by solid 



0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 

Surface temperature, F (not absolute) 


Fig. 37. Coefficient of heat transfer by radiation for emissivity = 1.0. 

radiation, Btu per (sq ft, hr, F) as used in the simple equation: 
Q == fcACITi — ^ 2)^1 must vary widely with the temperatures of the 
heat exchanging solids. For blackbody radiation, this coefficient fc 
equals + T^^T 2 + T^T 2 ^ + 723)0.173/100^. 

The extent to which the heat transfer coefficient varies is readily 
seen from the nest of curves in Fig. 37, where the coefficient appears 
as ordinate, while the heat exchanging temperatures appear as ab- 
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scissae and parameters. The heat transfer coeflBcients in Fig. 37 are 
correct for blackbody radiation. They must be modified for bodies 
the emissivities of which are smaller than 1.0. 


Example for Heat Transfer by Radiation between Solids. A single 
4-in. by 4-in. steel billet, which rests on ledges, is being heated in a large 
electrically heated furnace that has a wall temperature of 1800 F. At the 
time when the billet has reached a surface temperature of 1200 F, what is the 
rate of heat input per foot of length? The heat-absorbing surface per foot of 
length equals 4 x 4/12 ^ 1.33 sq ft. The emissivities of wall and of oxidized 
steel are alike and equal 0.9. The problem can be solved by using either equa¬ 
tion 6 or else Fig. 37. From this latter illustration, the coefficient of heat 
transfer by blackbody radiation is found to be 53 Btu per (sq ft, hr, F). The 
heat transferred by radiation equals 53 x 600 x 0.9 x 1.33 38000 Btu per 

(sq ft, hr). This heat absorption raises the temperature of the billet about 
5° F per minute. 

If the billet were made of copper, which has an emissivity of 0.5, equation 7 
would have to be used. If emissivities of wall and of stock are not alike, the 
ratio of wall surface to stock surface enters into the calculation. If that ratio 
be four, the factor by which the figure gained from Fig. 37 must be mutiplied 
equals 


_ 1 _ 

1/0.5 + 1/4 (1/0.9 - 1) 


0.48 (see equation 7) 


and the rate of heat transfer by radiation equals 53 x 600 x 0.48 x 1.33 =- 
20,300 Btu per (hr, ft of billet length). 

The above given law of radiation, equation 6, is correct for heat exchange 
between a small ball and a surrounding large shell. For all other conditions, 
the equation must be modified as explained in later chapters. 

Equations 6 and 7 have limitations. They apply only in those cases where 
radiation passes either through empty space or through gases that do not 
absorb heat. 

The fact that some furnace gases radiate and absorb heat leads to the next 
section. 

(d) Radiation between Clear Cases and Solids. In radiation 
from products of combustion to solids, a difference must be made 
between radiation from clear gases and radiation from so-called lumi¬ 
nous flames. Radiation from clear gases does not follow the fourth- 
power law (except by the artifice of using a variable emissivity), nor 
does it follow any other exponential law* as may be seen from the fol¬ 
lowing explanation. The only clear gases that radiate appreciably are 
those having three or more atoms per molecule, such as CO 2 , H 2 O, 
SO 2 ; carbon monoxide, although diatomic, also gives off some radia¬ 
tion. The other diatomic gases, such as O 2 , N 2 (and their mixture, 
air), and H 2 have only negligible radiating power. The reason why 

♦Attempts have been made to find equations for gaseous radiation. The 
equations that have been developed are much too complicated for practical use. 
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gaseous radiation does not follow the fourth-power law is this: Gases 
do not radiate in all wavelengths, as do solids; instead, each gas» 
radiates only in three or four rather sharply defined bands or channels 
of wavelengths. In Fig. 38 the heavy lines show the variation of 


Fig. 38. Intensity of radia¬ 
tion as a function of wave¬ 
length, and selective radia¬ 
tion of carbon dioxide gas. 
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intensity of radiation with wavelength (Planck’s Law) for two tem¬ 
peratures. The whole area under each curve represents blackbody 
radiation from solid surfaces; the section-lined areas represent the 
radiating bands for carbon dioxide. 

Radiation from clear gases depends not only on their temperature, 
but also on their composition (percentage of each triatomic gas 
present), and on the thickness of the gas layer, as well as (to some 
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extent) on the shape of the gas layer. Calculation of heat transfer 
from radiating clear gases to solids and vice versa is, up to the present 
time, based solely on observation (tests). The results of the tests 
were laid down by the experimenters either in tabular form or else 
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& 0.03 
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0 400 800 1200 1600 2000 2400 2800 3200 3600 

Temperature, F 

Fig, 39. Emissivity of carbon dioxide for various values of (partial pressure 
times thickness of gas layer). 

in graphs. The best known of these graphs furnishes the emissivity 
(absorptivity) of gases as a function of temperature, partial pressure, 
and thickness of gas layer. Charts for emissivities of CO 2 and of 
H 2 O are shown in Figs. 39 and 40 (taken with permission from Heat 
Transmission, McAdams, Figs. 28 and 29). As previously indicated, 
the fourth-power law of radiation may be applied for calculation of 
gas-radiation by making use of Figs. 39 and 40. 
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A simpler method* which suffices for all practical purposes is illus¬ 
trated by Figs. 41 and 42. 

In these illustrations, the abscissae represent the arithmetical means 
between gas temperatures and temperatures of walls or stock. The 
ordinates are heat-transfer coefficients which are to be multiplied by 

* Schwisdessen, ‘‘Die Strahlung von Kohlensaure und Wasserdampf,” Archiv 
jur des Eiaenhiittenwesen, October, 1940. 
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the temperature difference between gas and surface of solid in order 
to obtain the heat transfer per square foot and hour, on the basis of 
100 per cent emissivity of wall or stock. The inscriptions on the 
parameter curves refer to the product p X s, which equals partial 
pressure of gas (atmospheres) times thickness of gas layer (ft). For 
superheated water vapor, the heat-transfer coefficient is not directly 



Mean temperature, F 

Fig. 41. Heat-transfer coefficients for radiation from carbon dioxide to a solid. 


a function of p X s, but is subject to a correction, which however, is 
so small for furnace conditions that it can safely be disregarded by 
furnace-engineers. 

Example. Products of combustion of methane (CH 4 ) with neither excess 
nor deficiency of air contain, by volume, 9.5 per cent CO 2 , 19 per cent H 2 O, 
and 71.5 per cent N 2 . Hence, the partial pressure of CO 2 is 0.095 atm and 
the partial pressure of H 2 O is 0.19 atm. Let the depth or thickness of the 
gas layer be 3.17 ft. Then the product p x s equals 0.095 x 3.17 =« 0.3 atm 
ft for CO 2 and 0.19 x 3.17 = 0.61 atm ft for H 2 O. Let the temperature of 
the products of combustion be 2300 F, and that of the wall or stock 2000 F. 
Then the arithmetical mean temperature is ^(2300 + 2000) *= 2150 F. With 
reference to Fig. 41 (CO 2 ), vertically above 2150 F from the intersection with 
the ps — 0.3 curve (interpolated), a horizontal line leads to the desired heat- 
transfer coefficient at the left. In this example, the coefficient equals 8.3. In 
the same manner the coefficient for water vapor is found to be 15, from Fig. 42. 
No correction need be made for the peculiar behavior of water vapor as long 
as the mean temperature is above 1200 F, The total heat-transfer coefficient 
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is 8.3 4- 15 = 23 Btu per (sq ft, hr, F) if the two radiations are directly. 
Five per cent (this is an average value) should de deducted thas figare 
because the radiating bands of CO 2 and H 2 O partly overlap ifehe sjtectrutn. 
A further reduction of the coefficient is necessary because lli abs^orptivity 
(which equals emissivity) of the walls or of the charge is ncSfflOO peJCJipnt, 
With an average value for absorptivity of 0.9, the heat-traniS^ caefficienj 



Mean temperature, F 


Fig. 42. Heat-transfer coefficients for radiation from water vapor to a solid. 

becomes 0.9 x 0.95 x 23.3 ==^ 19.8. The heat transmitted to each square foot 
in 1 hr then is 300 (which is the temperature difference) times 19.8, or 
5940 Btu. 

It may be judged that the curves of Figs. 41 and 42 are too far apart for 
accurate interpolation. However, greater accuracy would be an illusion, 
because the temperature of the products of combustion varies from point to 
point, horizontally as well as vertically. Moreover it is very difficult to 
measure the temperature of products of combustion. 

For rough and quick estimates of radiation from clear gases. Fig. 43 is 
useful. The range over which it may be applied is indicated in the legend. 

The heat transfer coefficient derived from Figs. 41 and 42 are correct for a 
gas semisphere that radiates to a point in the center of the base. In this case 
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the length of the "radiating beam” is constant. For gas volumes of other 
shapes equivalent "beams” have been calculated by tedious graphical and 
analytical methods. The most important values are given in Table 4.* 

In contrast to the laws of heat transfer by convection, the laws of gaseous 
radiation contain no velocity factor; and yet velocity of the gases is of im¬ 
portance because, if a stationary hot gas radiates to colder surfaces, the gas 



Fig. 43. Heat transfer by radiation from gases containing 12% CO 2 and 12% 
H 2 O by volume. Values are decreased somewhat if temperature difference ex¬ 
ceeds 350 F and are not to be used for temperature differences exceeding 500 F. 
Multiply values read from curves by radiation coefficient or emissivity of receiv¬ 
ing surface: 0.91 for clean brick or tile or rough iron surfaces, 0.70 for glazed brick 
surfaces. 


necessarily loses temperature and finally becomes just as cold as the surround¬ 
ing surfaces. To maintain active radiation, the radiating gas must contin¬ 
ually be replaced by fresh hot gas. A gas that radiates to a cold surface 
becomes colder and colder in the direction of the gas travel. The higher the 
velocity of the gas, the lower is the drop of temperature of the radiating gas 

♦ H. C. Hottel and R. B. Egbert, “The Radiation of Furnace Gases,” in a paper 
read before the American Society of Mechanical Engineers in December, 1940. 
At the end of the paper a very complete bibliography is given on radiation of 
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along its travel. The temperature drop of the gas can be computed by means 
of a step-by-step method. (See Chapter 4, "The .Heating Capacity of Con¬ 
tinuous Furnaces.”) ’ 

(e) Radiation from Luminous Flames. It is a common experi¬ 
ence that heat transfer from a flame is greater than that from a clear 
gas having the same temperature. The difference in rate of heat 
transfer is quite noticeable in furnaces for reheating steel and even 

TABLE 4. Average Length of Radiation Beam, t 


Shape of Gas Volume 

Radiating Beams 

Sphere 

0.6 diameter 

Infinitely long cylinder 

0.9 diameter 

Right circular cylinder, height = diameter, 
radiating to whole surface 

0.9 diameter 

Same, radiating to spot on center of base 

0.6 diameter 

Space between infinite parallel planes 

1.8 distance between planes 

Cube 

0.6 edge 

1 by 2 by 6 rectangular parallelepiped radiat¬ 
ing to any of the faces 

1.06 shortest edge 


The application of these beams in the calculation of furnace capacity is 
explained in Chapter 3. 


more so in furnaces for melting glass and for melting steel (open- 
hearth furnaces). The difference becomes more pronounced as the 
temperature goes up because the higher the temperature, the greater 
is the radiating power of each gas molecule, but (and this is impor¬ 
tant) the smaller is the number of radiating molecules in unit volume. 
Furthermore, the bands of gaseous radiation (see Fig. 38) retain their 
position, independent of temperature, whereas the point of greatest 
intensity of solid radiation moves toward shorter wavelengths (away 
from the bands) at higher temperatures. From these facts it follows 
that, with increasing temperature, radiation from clear gases cannot 
grow as rapidly as radiation from solids. 

The word flame is often, but incorrectly applied to very hot, clear 
and almost invisible gases. Flames are always luminous. If a flame 
is cooled so as to be no longer luminous, it becomes smoke. The 
luminosity of flames is caused by glowing smoke particles. In flames 
that result from the combustion of solid fuels, glowing ash particles 
contribute to the luminescence. Depending upon number and size 
of the solid particles, the emissivity of a flame lies between the emis- 
sivity of clear gases and a high value of 0.95, as measured by Trinks 
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and Keller.* This high emissivity exists in a short section only of 
the flame travel as shown in Fig. 44 which represents a typical rela¬ 
tion between distance from burner and emissivity of flame. After 
leaving the burner, the fuel-air mixture requires time for reaching a 
temperature at which the hydrocarbons are cracked and for bringing 
the resulting smoke particles up to the temperature of the burning 
gases. As the flame travels along, formation of new smoke particles 
and combustion of previously formed particles balance. A short dis¬ 
tance beyond that point no new smoke particles are formed, the smoke 
particles are gradually burned, and finally, a point is reached where 


With Excess Gas 



Gaseous 
Solid Radiation 


Gaseous Radiation Only 


Distance from £nd of Burner" 


Fig. 44. Variation of emissivity of Iiimi- 
nmis flame with distance from burner. 


the flame is extinguished (all smoke particles have been burned). 
Many furnace engineers like to have the flame extinguished when the 
products of combustion pas^ into the vent or flue. If the flame is still 
very luminous at that point, smoke appears at the top of the stack. 

Flame radiation is a function of many variables, the most important 
of which are: Composition of fuel, fuel to air ratio, temperatures of 
fuel and of air, rate of mixing of fuel and of air, thickness of flame, 
distance from burner. The composition of the fuel has a very great 
effect on flame luminosity. It is difficult to burn tar without flame 
and it is equally difficult to produce a flame when blast furnace gas 
is burned. 

The effect of the fuel to air ratio upon emissivity is equally great. 
Figure 44 shows that, with excess natural gas, the emissivity is con¬ 
siderably greater than it is with excess air. It also shows that the 
luminosity drops off quickly, if an excess of air is provided. The 
illustration also shows to what extent flame radiation consists of 
gaseous radiation and radiation from solid particles. 

The effect of mixing fuel with air upon luminosity and the means 
for adjusting the mixture are discussed in Volume II. 

♦In 1956 R. Sherman presented, before the American Society of Mechanical 
Engineers, a paper on flame radiation, giving results obtained by various experi¬ 
menters on flame radiation, expressed in Btu/(sq ft, hr). 
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In the Sherman collection of data on flame radiation referred to 
above, peak values of 200,000 Btu per (sq ft, hr) for flames from 
tar pitch or from residual oil are given. When referred to the whole 
flame length, the radiation is much lower. In Fig. 45 (Sherman 
page 10, Fig. 14) flame emissivity is given as a function of C/H ratio 
in the fuel. The average emissivity (for the whole flame length) may, 
for practical purposes, be taken as one half of the values given in 
Fig. 45. 



Fig, 45. Flame emissivity as a function of C/H ratio in fuel (Sherman). 

A flame that has a high emissivity radiates almost like a solid body. 
With such a flame the furnace roof assumes flame temperature, if the 
flame is either wide or else travels close to the roof. 

Recognition of the fact that products of combustion radiate not 
only to the heating stock but also to the walls leads to the next section. 


4. THERMAL INTERACTION IN FURNACES 

The flow of heat in a furnace is diagrammatically illustrated in 
Fig. 46 which represents a furnace that is heated by products of 
combustion. 

Surface elements of the walls and of the charge, such as (3) and (6) 
are convection-heated by hot gases flowing along the walls and the 
charge (heating-stock). A molecule of the gases, such as indicated 
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by (9) radiates in all directions, for instance to (2) and (8). These 
surface elements, in turn, radiate in all possible directions, for instance 
to (1), (5), and (7) from (3), and to (4) from (7), etc. 

From Fig. 46 it follows that each particle of the products of com¬ 
bustion as well as each element of the surfaces of walls and charge 
radiate in all possible directions. This fact makes accurate calcula¬ 
tion of heat transfer in a fuel-fired furnace extremely difficult, if not 
impossible. Proof for the correctness of this statement is furnished 



Fig. 46. Diagrammatic rep¬ 
resentation of heat transfer 
within a furnace enclosure. 


by the very large number of variables, including: temperature, com¬ 
position, and velocity of the products of combustion, thickness of layer 
of gases between walls and charge, ratio of wall surface to exposed 
surface of charge, emissivities of walls and of charge. 

Many furnace engineers do not fully understand these relations. 
For that reason, it appears advisable to compute a simple case and 
to proceed to more difficult cases from there on. The calculation of 
heat-transfer coefficients for the simple case was made for products 
of combustion of average natural gas (no excess air, no excess gas) 
that flow along the heating stock and the walls with such a velocity 
that the coefficient of heat transfer by convection equals 3 Btu per 
(sq ft, hr, F). The furnace is of a simple type. A cylindrical solid 
piece is suspended concentrically in a cylindrical furnace. The calcu¬ 
lation was made for five temperatures of products of combustion. For 
each such temperature, a number of temperatures of heating stock 
were selected. For each of these combinations, different thicknesses 
of gaseous layers were selected, and finally, for each of these combi¬ 
nations of three variables, a different ratio of surface of stock to 
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surface of walls was selected. For each of these combinations of 
variables the probable wall temperature was estimated, and a new 
wall temperature was calculated on the basis of the estimated terii- 
perature and of gaseous radiation. If estimated and calculated wall 
temperatures coincided, the overall heat transfer coeflScient was cor¬ 
rect. If they did not coincide, the calculation was repeated with a 
new estimate of wall temperature. A sample calculation is given in 
Appendix II. The calculations were made for emissivities of walls 
and stock equal to 0.9. The results of the calculations were laid 
down in Tables 5 and 6. Table 5 contains coefficients of heat transfer 
(from products of combustion to heating stock) that apply in the 
various conditions. It is readily observed that (for any one tem¬ 
perature of products of combustion) the coefficient varies not only 
with the temperature of the stock but also with the ratio of surfaces 
of stock and wall, and, in addition, with the thickness of the layer 
of products of combustion. Table 6 contains temperatures of furnace 
walls for the same conditions that were selected for Table 5. The 
differences between temperatures of furnace gases and wall are con¬ 
siderable. 

Example. A steel cylinder of 24 in. diameter is being heated concentrically 
in a cylindrical furnace having a diameter of 4 ft. Then ratio of surfaces 
(stock to furnace) equals 0.5, and s = thickness of gaseous layer equals 1 ft. 
The gases are products of combustion of natural gas; they have a tempera¬ 
ture of 2400 F. At a time when the surface of the stock has reached a 
temperature of 1200 F, what is the rate at which heat is transferred to the 
stock, and what is the wall temperature? 

From Table 6, the wall temperature is read to be 1740 F. From Table 5, 
the coefficient of heat transfer is read to be 25.6 Btu per (sq ft, hr, F). The 
heat transfer to each square foot of surface of stock = 25.6(2400—1200) ** 
30,720 Btu per hr. Per foot of length, the rate of heat transfer equals 6.28 
X 30, 720 = 193,000 Btu per hr. 

Other tables on the order of Tables 5 and 6 can be calculated for 
other fuels. The calculations are not difficult, but are very long. 

As previously mentioned, Tables 6 and 6 were calculated for the 
theoretically correct ratio of air to natural gas. With excess air, gas 
radiation is smaller; the effect is the same as that caused by a thinner 
layer of furnace gases. Both, coefficient of heat transfer and wall 
temperature drop. With some excess gas (rich mixture) the products 
of combustion are still clear, but intermediate products of combustion 
are formed, which radiate. Coefficient of heat transfer and wall tem¬ 
perature rise. As luminosity (opacity) of flame is increased, while 
flame temperature is kept constant, both coefficient of heat transfer 
and wall temperature rise. When the flame becomes so luminous as 
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so The Heating of Solids in industrial Furnaces 

to be opaque, it radiates like a solid body, and the wall assumes the 
temperature of the flame. 

It is again emphasized that Tables 5 and 6 do not take care of three 
additional variables, namely emissivity of flames, emissivity of heat¬ 
ing stock, and variation in coefiicient of heat transfer by convection. 
Figure 47 illustrates the effect of emissivity of both stock and flame 
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Emissivity 


Fig. 47. Effect of emissivity of stock and of flame on coefficient of heat transfer, 
when r, = 2375 F, T, = 1500 F, JS = 03, and s = 4 ft (see Table 5). 

on the coeflBcient of heat transfer for one single set of conditions; 
namely, where temperature of the gases is 2375 F and of the stock 
1500 F, where R is 0.3 and s is 4 ft. It will be seen that a variation 
in either of these values from the emissivity values of 0.9 for stock 
and 0.21 for gases used in the preparation of the tables has a pro¬ 
nounced effect on the overall coefficient. If these additional variables 
were to be embodied in the tables, these tables would become a book. 
It must also be noted that, in practice, furnaces have not the ideal 
shape upon which Tables 5 and 6 were based. As a matter of fact, 
shapes of furnaces have so great an influence that the values of 
Tables 5 and 6 may be misleading. These facts are discussed in the 
following chapters. 




chapter 


The Heating Capacity 
of Batch-Type Furnaces 


1. DEFINITION OF HEATING CAPACITY 

The heating capacity of a furnace is usually expressed by the weight 
of metal that can be heated in unit time to a given temperature at 
the coldest spot of the charge and without over-heating the rest of the 
charge. Since the cost of a furnace is approximately proportional to 
its size, heating capacity per unit volume is important. Specific 
heating capacity is expressed either by 

Weight heated/(hour X furnace volume), or by 
Weight heated/(hour X hearth area). 

Neither ratio is a perfect measure of heating capacity, which fact 
is established by the following two examples: In the annealing of 
huge tanks, the volume of the furnace must be large enough to house 
the tank and to leave room for circulation of products of combustion. 
In consequence, the heating capacity per unit of volume is small. If 
a long gun tube is suspended in a cylindrical annealing furnace, the 
annealing capacity per unit of hearth area is very great. In the 
latter case, engineers help themselves by calling the area (furnace 
diameter X length) the hearth. The criterion: Hourly weight per 
square foot of hearth is more frequently used than that of hourly 
weight per cubic foot of volume. 

The heating capacity depends on several factors, such as rate of 
heat release, rate of heat transfer to the charge, and rate of heat 
conduction to the coldest point in the charge. 
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The Heating Capacity of Batch-Type Furnaces 


2. EFFECT OF RATE OF HEAT LIBERATION 

This subject was not discussed in Chapter 2 because the rate of 
heat release varies with the type of heat-generating equipment. 

In electric heating, either by direct resistance or by induction, 
heat is generated in the material of the heating stock. Induction 
heating is schematically represented by Fig. 24. Neither of these 
heating processes requires a furnace, for which reason they do not 
properly belong in the present volume. They are discussed in Vol¬ 
ume II. 

The majority of electrically heated furnaces are equipped with 
heating elements that are fastened to the walls and the roof. The 
rate at which heat can be released per square foot of (element-covered) 
wall area depends upon a number of factors, the most important of 
which is economic length of life of the elements. That length of life 
is a function of material of the elements, design and spacing of the 
elements, furnace temperature, and furnace atmosphere. These de¬ 
tails are discussed in Volume II. For that reason, the problem of 
heat release in unit time is limited to fuel-fired furnaces in this 
chapter. 

In such furnaces, heat release is usually expressed in heat units 
released in unit volume in unit time. In the practice of steam gen¬ 
erators, the unit commonly used is: Btu per (cu ft, hr). With this 
unit, the figures are uncomfortably large. For that reason, Btu per 
(cu ft, sec) was adopted for this volume. Closely related to rate of 
heat release is the term ^‘flaiiie length.'' For open-hearth furnaces ami 
glass tanks, flame length means the distance between the burner and 
the point where the flame is ^^extinguished" (becomes non-luminous). 
For industrial furnaces, flame length means the distance between the 
burner and the point at which combustion is about 95 per cent com¬ 
plete. Under average furnace conditions, combustion does not go to 
completion unless excess air is supplied, and metal heating furnaces 
are seldom supplied with appreciable amounts of excess air, except 
at low temperatures, or when heating high-carbon or stainless steels. 
The norm of about 95 per cent completion of combustion also ap¬ 
plies to combustion volume. Depending upon type of fuel and de¬ 
sign of combustion device, flame lengths range between 1 inch and 
40 feet. 

Combustion volume and flame length are illustrated by Figs. 48 
and 49. The illustrations show geometrically similar gas burners. The 
large burner (Fig. 48) produces a long flame. If a single large burner 
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is located in the center of a furnace wall, the space surrounding the 
^^flame^’ is wasted, so far as combustion space is concerned. Contrari¬ 
wise, many small burners (Fig. 49) utilize the whole wall area, and 



Fig, 48. Poor utilization of combustion space by one large gas burner. 

work with short flames. In Figs. 48 and 49, air is shown as mixing 
with the fuel at the mouth of the burner. If fuel and air are mixed 
ahead of the burner (premixed), combustion occurs more rapidly and 


Fig. 49. Good utilization of 
combustion space by four 
small burners, same capacity 
as Fig. 48. 



less combustion volume is needed than with furnace mixing. And 
if, finally, the combustion air is preheated, combustion proceeds even 
more rapidly. 

In view of the great number of variables that affect the speed of 
combustion, it is difficult to predict the volume that is needed to 
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(96 per cent) complete combustion. For a rough estimate, the in¬ 
formation in Table 7 is helpful. 

The term ^^combustion condition’^ represents combinations of dif¬ 
ferent elements and requires some judgment for its proper use. The 
following explanation may serve as a guide: 

Combustion Condition 1. Very poor mixing of fuel and air, coarse 
fuel, cold air, inclusion of space in which no combustion takes place 
under the name ^^combustion volume.” 

TABLE 7 

Combustion Condition 1 2 3 4 5 6 

Btu per (sec X cu ft of combustion 
space) 1.5 6 10 18 33 500 


Combustion Condition 2. Fair (to poor) mixing of fuel and air, 
fair utilization of volume of combustion chamber, coarse fuel, cold 
air. Also, same conditions as in condition 1, except 500 F air. 

Combustion Condition 3. Good mixing of fuel and air, good utili¬ 
zation of combustion space, very fine atomization or powdering of 
fuel, cold air. Also, same conditions as in condition 2, but 500 F 
air. 

Combustion Condition 4. Thorough mixing (or premixing) of fuel 
and air, perfect utilization of combustion space, very fine atomization 
or powdering of fuel, 500 F air. Also, same conditions as in condi¬ 
tion 3, except 1000 F air. 

Combustion Condition 5. Thorough mixing (or premixing) of fuel 
and air, perfect utilization of combustion space, very fine atomization 
of fuel, 1000 F air. Also, discharge from many small burners. 

Combustion Condition 6. Premixed fuel and air issuing from closely 
spaced small orifices are projected against refractory surfaces, which 
act as catalyzers and speed combustion. In the combustion space 
proper, as many as 1000 Btu per (cu ft, sec) are released. To pre¬ 
vent local overheating of the charge, distance must be provided 
between burners and charge. In consequence, the heat release per 
unit of vacant (not occupied by charge) volume is a small fraction 
of the given rate. 

For coal burned on the grate, the combustion space is the sum of 
the volume of the fuel bed and of that volume above the fuel bed in 
which the combustible gases arising from the fuel bed burn to 95 per 
cent of completion of the combustion reaction. That volume varies 
greatly with the amount of volatile matter in the coal, the arrange- 
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ment of the grate or stoker, and the rapidity with which the secondary 
air and the combustible gases are mixed above the grate. In indus,- 
trial furnaces the high rate of combustion obtainable in boiler fur¬ 
naces having cooler surfaces above and around the fuel bed cannot 
be utilized, because the roof over the grate or stoker would quickly 
burn out. Instead, the endeavor is made to effect “semi-gas firing, 
making the fuel bed act to some extent as a gas producer, and burning 
the resulting gases over the hearth. In any event, the term “heat 
developed in unit time and in unit combustion volume,^^ is a misnomer, 
if coal is burned on a grate or stoker, because only carbon monoxide, 
hydrogen, and hydrocarbons are burned in the so-called combustion 
space, whereas the solid carbon is partly gasified in the fuel bed. 

The significance of the values in Table 7 is best illustrated by 

an example: In heating steel to 2200 F on the hearth, a rate of 80 lb 

per (sq ft X hr) is high. By the use of Fig. 27 it is found that 

80 lb X 340 ^ j ^ 1. r X 

---= about 8 Btu per sec are needed for each square foot of 

hearth. Depending upon the design of the furnace, somewhere be¬ 
tween twice and thrice that quantity of heat must be released. This 
means that between 15 and 20 Btu must be released in each second 
per square foot of hearth. With combustion condition 5, about ^ cu ft 
would be needed per square foot of hearth, and with combustion con¬ 
dition 6, less than 1/25 cu ft would be required per square foot of 
hearth. The conclusion is that, in fuelfired furnaces of the batch type 
with proper burners, the rate of heat release is not one of the factors 
that limit the heating capacity of the furnaces. 

In addition to the quantity of heat that is released in unit volume 
and in unit time, the temperature at which it is released affects furnace 
capacity. Whereas it is true that each molecule burns at the ideal 
(adiabatic) flame temperature, the reaction heat is transferred to sur¬ 
rounding objects (gaseous, liquid, and solid), while combustion pro¬ 
ceeds. Only by infinitely rapid combustion, or by combustion in a 
heat-tight chamber, can the adiabatic flame temperature be reached. 
And even that temperature may not be high enough with very lean 
fuels. Since heat transfer requires a temperature difference, the fur¬ 
nace would have to be infinitely large if the adiabatic flame tempera¬ 
ture equaled the temperature to which the stock is to be heated. This 
observation is of importance if lean fuels, such as blast furnace gas 
and clean producer gas, are to be burned. Values for adiabatic 
temperatures are given in Chapter 5. With lean fuels, high tempera¬ 
tures can be obtained only by preheating the air or the fuel, or both. 
Oxygen-enriched air likewise increases flame temperature. 
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3. EFFECT OF RATE OF ABSORPTION 
OF HEAT BY THE CHARGE 

Since ample heat can be released at sufficiently high temperatures 
in industrial furnaces, the problem of calculating furnace capacity 
can be studied on the basis of heat transfer to the charge and tem¬ 
perature equalization within the charge. 

With adequate heat release at sufficiently high temperature assured, 
the following variables affect furnace capacity: 

1. The temperature of the furnace walls when cold stock is 
charged. 

2. Temperature to which stock is to be heated. 

3. Temperature of products of combustion. 

4. Emissivity of products of combustion. 

5. Emissivity of walls. 

6. Emissivity of heating stock. 

7. Ratio of wall surface to surface of stock. 

8. Thickness of layer of products of combustion. 

9. Thermal conductivity of stock (including voids). 

10. Desired uniformity of temperature in product. 

11. Thickness of heating stock. 

12. Size of furnace (hearth area and volume). 

13. Velocity of gases in furnace. 

There are additional, but minor, items which affect the heating 
capacity. 

It is hopeless to compress these variables into a single equation for 
heating. Engineers have computed tables and have drawn charts for 
combinations (of the variables) that fit the types of furnaces and 
materials that frequently occur in their practice. Tables 5 and 6 
are an example of such calculations for one specific configuration of 
furnace and charge, of one emissivity of refractories, one emissivity 
of stock, and one composition of products of combustion. It is not 
the purpose of this book to furnish charts for every conceivable com¬ 
bination. Instead, there will be developed a reasonably simple method 
that suffices for practical purposes. 

Generally speaking, the transfer of heat to the charge determines 
the heating capacity for thin heating stock, whereas temperature 
equalization within the stock determines heating capacity for thick 
stock having low thermal conductivity. 
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For thin stock having high conductivity, the differential equation 
of heat transfer is at any time 
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If k and Tg remain constant during the heating process, equation 8 
can be solved by integration, which furnishes the heating time t: 


kA Tg - Tf ^ ^ 

where Ti and Tf are the initial and final temperatures of the surface 
of the stock. 

If the temperature of the stock at the end of time t is wanted, the 
equation is transformed to 


Tf = Tg 


(Tg - Tf)e 


kAt 

WC^ 


( 10 ) 


It is difficult accurately to measure the temperature Tg of the hot 
gas. It is easier to measure the temperature of the refractories. 
This temperature is often (although incorrectly) called furnace tem¬ 
perature. If Tyj is used in equation 9, instead of Tgj the value of k 
changes. 


Example fok the Use of Equation 9. The largest steel plate that can be 
accommodated in a furnace having 8 ft by 9 ft hearth area is 6 ft by 8 ft. 
This plate, which is 2 in. thick, is to be heated from 100 F to 2200 F by prod¬ 
ucts of combustion that have a temperature of 2400 F. How long does it 
take to heat the plate, and what is the furnace capacity in pounds per square 
foot, hour? 

From information that is given later in this chapter, the average coefficient 
of heat transfer is found to be 30 Btu per (sq ft, hr, F). Specific heat of 
steel in the desired temperature range is 0.16. 

Tg - Ti _ 2300 _ 

Tg - Tf 200 

WC 

The log to the base e of this ratio is 2.44. With = 0.43 hour, the 
heating time is 2.44 X 0.43 = 1.05 hr. 

Since 1 sq ft of 2 -in. plate weighs approximately 80 lb, the heating capacity 

80 

per square foot of plate is = practically 80 lb per (sq ft, hr). The 

1.05 2 gQ 

heating rate per square foot of hearth area is - X 7 ^ = 51 lb per (sq ft, hr). 

o 1.05 

♦In signifies ^^natural logarithm.” The symbol formerly used was log^. "c” 
equals 2.7183. Either symbol means logarithm to the base The natural 
logarithm equals 2Z times the common logarithm. 
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In the example, a high temperature of the products of combustion is per¬ 
missible because the furnace charge consists of a single thin piece only, which 
can be removed when heated to the desired temperature. If the batch consists 
of several pieces, high excess temperatures are not permissible, as explained 
below. The sole purpose of this example is to illustrate the use of the loga¬ 
rithmic equation. 

Equation 9 may be used to follow the rate of increase of the tem¬ 
perature of the stock during the heating process, even if k varies with 
temperature. This can be most accurately accomplished if the total 
temperature rise is divided into several steps. The average coefficient 
for each step is read from Table 5, Chapter 2,* the individual heating 
times are computed from equation 9, and are added. Subdividing the 
temperature rise into steps promotes accuracy, because the variation 
of k within each step is small. 

The curves of Fig. 50 are the result of such calculations for the same 
condition as applied in the preceding example, and also for a flame 
temperature of 2800 F. It can be quickly recognized that the higher 
temperature of the products of combustion results in a shorter heating 
time. In the illustration, curve B refers to 2800 F. Figure 50 brings 
out another fact: Whereas high temperatures of gases and walls reduce 
heating time, these high temperatures call for prompt removal of the 
stock, to prevent overheating. 

Heating time and heating capacities obtained from the use of equa¬ 
tion 9 extending over the whole temperature range are correct if the 
coefficient of heat transfer remains constant while the charge is being 
heated. This requirement is approached, but not entirely met, in ovens 
and in low temperature furnaces, that is to say within the range from 
800 F to 1200 F, because heat transfer by convection is an important 
factor at these low temperatures, which means that the coefficient k 
does not vary as much during the heating process as it varies in high- 
temperature furnaces. In consequence, an equivalent constant co¬ 
efficient k can be used in equation 9. The introduction of an average 
coefficient carries with it an (although small) uncertainty and approxi¬ 
mation. For that reason and also because engineers dislike the loga¬ 
rithmic equation, a simpler and equally approximate method may 
well be adopted, which is sufficiently accurate for all practical purposes. 

Heat transfer is proportional to the product: difference (furnace 
temperature minus average temperature of stock), times average co- 

♦ Table 6 is correct if the idealized conditions prevail for which it was calculated. 
In most industrial furnaces, the coefficients are about 70 per cent of those given 
in Table 5. They are even lower if stock with low emissivity is heated (see 
Fig. 62). 
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efficient of heat transfer. The determination of both averages is dis¬ 
cussed in the following paragraphs. 

In a fiunace of the batch-type, temperatures of products of com¬ 
bustion and of refractories must be so selected that the charge is not 



Elapsed time, min 

Fig. 50. Heating curves for steel plate 2 in. thick, heated from top only. Ratio 
R ~ 0.5; gas blanket thickness s 2 ft. 

injured by overheating, if it stays in the furnace during an unusually 
long time. This requirement fixes the temperature of the products of 
combustion to be about 5 per cent higher (from zero F, not absolute) 
than the prescribed final surface temperature of the charge. The excess 
temperature may be higher, if occasional overheating causes no serious 
damage to the heating stock. In that case, the before-mentioned 5 per 
cent are sometimes increased to 8 per cent. 

Depending upon the selected excess temperature of products of com¬ 
bustion, the time required for heating is based on 92 to 98 per cent 
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of the available temperature difference. In all cases, the average 
temperature of the surface of the stock, with regard to time, is 71 per 
cent of the temperature rise if the heat is transferred by convection 
only. It is 65 per cent, if the heat is transferred solely by radiation. 
A value of two-thirds of the temperature rise is suitable for quick 
calculations. 



Fig, 51. Diagram of time-temperature relations for calculation purposes. 
DT = mean temperature difference 
TR = temperature rise 

The time-temperature relation is illustrated by Fig. 51. The shape 
of the curve is not invariably fixed. It varies with the ratio of stock 
surface to surface of refractories, because furnace temperature drops 
when a cold charge is deposited in the furnace. The time-temperature 
curve varies with the thickness and conductivity of the stock, and, 
as already mentioned, with the ratio of heat transferred by radiation 
and convection. In a charge of several pieces, the first piece is some¬ 
times removed before it has reached the desired temperature, whereas 
the last piece has reached furnace temperature at the time of removal. 
In spite of these variations, the value of YsTR is safe for design 
purposes. 
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By the use of this average the example may be calculated without 
the use of the logarithmic equation 9. In that example of heating 
a 2-in. plate to 2200 F, radiation predominates. Hence, the activ^ 
temperature difference equals % (2200 — 100) -f- 200 = 900 F. Then 
the heating time equals 

80 X 0.16 X (2200 - 100) , ^ ^ 

-- 

It should again be noted that the high excess temperature (exceed¬ 
ing 4 per cent of the available temperature difference) is permissible 
in the case of the example, because only one piece is being heated, 
and it can be removed when the desired temperature has been reached. 
In the majority of batch-type furnaces that condition does not exist. 

The average coeflScient of heat transfer (average during the heating 
process) is a function of many variables, the most important of which 
is the temperature to which the stock is to be heated. For that reason, 
it is appropriate to plot the coeflSicient of heat transfer as a function 
of the final temperature of the charge or stock. Among the other 
variables, the ratio R of exposed surface area of stock to interior area 
of refractories is important. Whenever a cold charge is put into a 
hot furnace, the temperature drops. If R is small, the temperature 
drop is small. If R is small, the heating time is reduced. Another im¬ 
portant variable is the emissivity of the stock. All three variables and 
their influence on heating time were combined in Fig. 52. 

This figure merits discussion. The values were, in part, derived 
from Table 5. A comparison of Fig. 62 with Table 5 shows that the 
coefficients of the figure (which agree with furnace practice) are lower 
than those in the table. It is interesting to investigate the reasons 
for the difference. Table 5 was calculated for emissivities of refrac¬ 
tories and of stock equal to 0.9. Tests of emissivities of refractories 
at high temperatures are scarce. The few available tests indicate that 
the emissivities at high temperatures are generally lower than 0.9. 
When cold stock is put into the furnace, the temperature temporarily 
drops by heat imparted to the stock and by radiation through open 
doors. Some parts of the refractories have lower temperatures than 
is indicated by the temperature control equipment. 

Evaluation of these effects and comparison with existing furnaces 
resulted in the curves of Fig. 52, which are approximately 30 per cent 
below the values of Table 6. 

From Fig. 52, it follo*ws that heating time is lengthened if R is large. 
In most industrial furnaces, R is about 0.4. In the use of higher 
values of iZ, care must be exercised. If, for instance, square bars or 
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1200 1400 1600 1800 2000 2200 2400 2600 

Temperature to which metal is to be heated, F 

Fig. 52. Overall coefficient of heat transfer to surface of stock. 

R is ratio of stock area to area of refractories in furnace (see text). 

The curves were derived for emissivity of refractories of 0.9 and stock emissivity 
of 0.9; multipliers for other stock emissivities are: 

For stock emissivity of 0.4, multiply values by 0.43 
0.6 0.65 

0.8 0.86 

For luminous flames, values of the coefficient are approximately 10 per cent higher 
than shown. 

When applying coefficients of this chart, use mean temperature difference indi¬ 
cated in Fig. 51. Values do not apply when the furnace and charge are heated up 
together. Read p. 60 before using. 

For use of curves A and B, see Chapter 4. Curve A applies to continuous heating 
furnaces where the flame temperature exceeds the final stock temperature by 
approximately 15 per cent. Curve B applies to axial heating. 
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blocks are set close together^ then it is incorrect to base R on the 
total of the top and two sides of the blocks. 

Values of R that are lower than 0.4 slightly reduce heating time, 
but do not utilize the full heating capacity of the furnace, because 
that capacity is related to the product k X R. 

If the flame is luminous throughout the length of its travel, k is 
approximately 10 per cent higher than indicated by Fig. 52. And if 
thick stock is to be heated rapidly to a temperature in excess of the 
desired final temperature with subsequent drop to soaking tempera¬ 
ture, the coefficient k may be selected for a temperature between 
highest temperature and final temperature. Such departures from the 
values of Fig. 52 require judgment. 


4. EFFECT OF ARRANGEMENT OF STOCK 

In furnaces of the batch-type, individual pieces (or a group of 
individual pieces) are heated. The problem arises: What is the effect 
of arrangement and thickness of the pieces on furnace capacity? 

Obviously, space must be provided between the pieces for the manip¬ 
ulating tongs. Unless the spaces between the pieces are inordinately 
large, the heating capacity is not noticeably affected, because the bare 
spots of the hearth receive radiation from the gases as well as from 
the roof and the side walls. The heat received by the hearth is radi- 


Fig. 53. Billets spaced 
apart on furnace hearth. 


ated to the work and assists in heating it. If, for instance, the 3-in. 
billets illustrated in Fig. 53 are laid on the hearth in such a manner 
that the width of each empty space equals the width of each billet, 
then the weight per square foot of hearth is the same as if the hearth 
were covered by a plate or slab 1% in. thick. The heating surface of 
the billets is 50 per cent larger than the heating surface of the slab. 
However, the vertical heating surfaces are not so effective as the hori¬ 
zontal heating surfaces. The subtended angle of radiation is only 
63% degrees, or 127 degrees for the two vertical surfaces. Radiation 
from the hearth (which is not as hot as the roof) increases the transfer 
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of heat to the vertical surfaces. The result is that the weight of 
billets heated in unit time equals or even slightly exceeds the rate 
at which the P/^-in. plate would be heated. 

This example proves that the factor R must be used with caution. 
If R is 0.4 for the plate, then it would be 0.6 for the billets. Incon¬ 
siderate use of Fig. 52 would result in a lower value of k for the billets 
than for the plate, whereas, actually, they arc equal. 

A similar non-mathematical reasoning may be employed in other 
cases of seemingly abnormal arrangements of the charge. An example 



Fig. 54. Furnace with two 
rows of billets. 


is furnished by the arrangement that is illustrated in Fig. 54. Space 
for tongs is provided between adjacent blocks. In consequence, the 
pieces (1) receive heat from three sides in addition to top and bottom. 
Row (1) heats somewhat more slowly than it would if the blocks had 
been laid on a hot hearth. After the blocks (1) have been removed, 
one by one, the blocks in row (2) heat more rapidly than they would 
if lying on the hearth, because they received some heat while row (1) 
was being heated. Evidently, a larger stock-covered hearth area 
would be required, if the blocks were laid flat on the hearth. How¬ 
ever, the charging arrangement of Fig. 54 requires a wide strip of 
uncovered hearth in front of row (1), for the purpose of providing a 
thick layer of radiating gases. 

The charging arrangement shown in Fig. 54 is common in furnaces 
that serve forging presses. For continuity of operation, each press 
is surrounded by several furnaces, usually 3 but sometimes 4. One 
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furnace is being charged, another furnace is heating up, the third 
furnace serves for soaking, and the fourth furnace is being worked out. 

Another abnormal arrangement of the charge is illustrated by 
Fig. 65. The belief that the three-high packing increases the heating 
capacity in pounds per (sq ft, hr) is wrong. It takes more than three 
times as long to heat the stack than is required to heat a single layer. 


Fig. 55. Effect of arrangement of 
material on heat transmission. 



The pieces marked (2) are heated indirectly by radiation from the 
pieces in the top row (1) and by almost stagnant products of combus¬ 
tion. The method of stacking the charge is acceptable, if the bars 
in the upper row are withdrawn, one by one, followed by the bars in 
the middle row and finally by those in the bottom row. The heating 
capacity is not improved over that with but a single layer. The ad¬ 
vantage consists in carrying on the hot-forming process a longer time 
without recharging the furnace. Stacking is permissible and even 
advantageous in heating to low temperatures by forced circulation. 
See below. 


5. EFFECT OF THICKNESS OF STOCK 

The stacked charge leads to a discussion of the effect which thick¬ 
ness of charge or stack has upon furnace capacity. The heating of 
metals being an old art, rules have been formulated on the relation 
between thickness of stock and time required for heating to a reason¬ 
ably uniform temperature. For steel, the following rules are in use. 
Heat travels % in. in 5 min. Another rule: Cylinders or square bars 
must be heated at the rate of 20 min per inch of diameter, if of mild 
steel; 40 min per inch of diameter are required for alloy steel. For 
annealing of steel 60 minutes are needed per inch of diameter or 
thickness, if the stock receives heat all around, and if the stock is 
relatively small with respect to the size of the furnace. These rules 
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were derived from the practice of forging, rolling, and annealing steel. 
The first rule means that a plate which is % in. thick requires 
3 X 5 == 15 min if heated from one side. The thumb rules are based 
upon an acceptable temperature difference between surface and core 
(coldest spot) of the stock. The relation between diameter of stock 
and temperature difference is illustrated by Fig. 56. For equal heat 
flow into unit surface, the temperature gradients at the surface are 
equal regardless of diameter of stock. The tangent to the temperature 



Fig. 56. Temperature rela¬ 
tions in geometrically similar 
bodies. 


curves is horizontal at the center. The temperature curves are geo¬ 
metrically similar; the temperature difference is proportional to the 
diameter of the stock. If the temperature difference at the end of the 
heating period is to be the same regardless of diameter or thickness, 
then the heating time per inch of diameter or thickness must grow with 
the diameter, approximately as the 1.2 power of the diameter ratio. 

In the heating of ingots and large forging billets, as well as in 
annealing, temperature uniformity is reached only after a long time. 
The time during which the temperatures are equalized is known as the 
soaking period. If the furnace temperature at no time exceeds the 
desired final temperature of the charge by more than 2 to 4 per cent 
of the desired temperature rise, no well defined soaking zone exists. 

Even if furnace temperature exceeds final temperature of stock but 
little, the ^^core’^ of the stock is, in large pieces, far from having 
reached the final temperature. No quick method exists for calculat¬ 
ing the soaking period. An equation for computing the soaking time 
of a cylinder, the heat supply to which is suddenly discontinued, 
was given by A. Newman and A. Church in the Journal of Applied 
Mechanics, 1935. Use of their equation requires familiarity with 
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Bessel’s functions. Either the Schmidt graphical method or numerical 
calculations (see Appendix) may be resorted to, but either method ii? 
slow. An easily applied method exists for computing the soaking 
time if the surface temperature of a solid is kept constant during the 
soaking period. From the curves of Fig. 57* the following ratio can 
be found. 

Temperature difference between surface and center, after t hr 
Temperature difference at beginning of soaking period. 

In order to bring out the effect of size of stock on the soaking period, 
Fig. 57 was applied to three different long cylinders with the same 
rate of heat input in Btu/(sq ft, hr). The rate is to be such that. 


Fig. 57. Temperature-time- 
space relations during ^^soak- 
ing,” with temperature of 
surface of body held con¬ 
stant. 



e 902 0a4 QOC 009 0.19 OJZ 0J4 0J6 OJ8 020 029 024 026 029 OJO 

Jt , diffusivity x tme (hours) 

^ total thicHnoss (feet) squared 


at 2200 F surface temperature, the core temperature of the 3-in. 
cylinder is 2200 — 40 = 2160 F; that of the 6-in. cylinder is 2200 — 80 
= 2120 F; and that of the 12-in. cylinder is 2200 — 160 = 2040 F. If 
the supply of heat is reduced to such an extent that the surface tem¬ 
perature remains constant at 2200 F, how long will it take to raise 
the core temperature to 2180 F? In the tabular calculation, ; = diffu- 
sivity = 0.21 sq ft /hr for mild steel at 2200 F. 


Diameter of cylinder, ft 

H 

H 

1 

Initial temp, difference DT*, F 

40 

80 

160 

Final temp, difference DT/, F 

20 

20 

20 

DTfIDTi 

0.5 

0.25 

0.125 

jt/s^ from curve 

0.032 

0.064 

0.10 

Soaking time, f, minutes 

0.59 

4.6 

28.5 

♦ The curves of Fig. 57 for the plate, long 

cylinder, and sphere 

were computed 


from data similar to those given on pages 439-443 of the Appendix, whereas those 
for the square bar, cube, and short cylinder were taken from the work of William¬ 
son and Adams, as reported in Physical Review, Volume 14, Series 2, page 00. 
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Obviously, there is no soaking period in the heating of round bars 
3 in. in diameter. The soaking time grows almost as much as the 
cube of the diameters. For an ingot 2 ft in diameter, it runs into 
hours, if the same small temperature difference is demanded. From 
Fig. 57, it follows that the soaking time for slabs is longer than for 
cylinders of equal thickness. 

If the volume of a body is small compared to its heat-receiving sur¬ 
face, the body can be heated quickly with but a small difference of 
temperature between surface and core. For comparison of the effect 
of different shapes, the plate of large extent, the long cylinder, and 
the sphere are good examples. If r is the radius of the sphere, also of 
the cylinder, and also one-half the thickness of the plate, then the 
ratio volume/surface-area equals r for the plate, for the cylinder, 
and for the sphere. From these values, it may be concluded that, 
approximately, the heating times for a given temperature difference 
between surface and center are in the ratio of 1 for the sphere, 
for the cylinder, and 3 for the plate. It is premised that the three 
shapes receive heat uniformly from all sides. The result is only a 
rough approximation. 

In the heating of steel for rolling or forging, practice pays little 
attention to the fact that soaking time should increase much more 
rapidly than diameter or thickness of stock, provided the diameter 
does not exceed 12 in. and heat is received uniformly from all sides. 
In the heating of larger sections of mild steel, the supply of heat is 
high in the early stages and is reduced when the surface of the stock 
approaches the desired final temperature. This method of heating 
has been (although erroneously) called accelerated heating. Certain 
alloy steels have a low thermal conductivity below red heat, and are 
damaged by accelerated heating, as explained below. 

Heat supply from all sides is approached by placing the stock on 
ledges or stools. In many furnaces, the supports are not tall enough 
to permit equality of heat flow from all directions. 

If individual pieces are laid close together on ledges or other sup¬ 
ports, heat supply from the bottom and to the sides is obstructed. The 
fraction of heat which is imparted to the bottom of the charge must 
be estimated in each separate case, because a correct theoretical cal¬ 
culation is impracticably long. 

In the early years of the present century, the wish to improve 
uniformity of heating and to thereby increase furnace capacity led 
to the building of underfired furnaces. Figure 7 is a schematic illus¬ 
tration of an underfired furnace. Such a furnace presents problems 
of strength, and also of circulation of furnace gases. Both problems 
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are discussed in later chapters. In the present chapter, heat supply 
from below, through the hearth, is the topic. , 

Underfired furnaces are limited to a maximum temperature of about 
1800 F by the strength and durability of the hearth and supports, and 
the rate of heating of steel in furnaces of this design averages 30 lb 
per (sq ft, hr), with a maximum rate of about 40 lb. 

The heat transferred from the combustion chambers to the heating 
chamber is the result of (1) radiation through openings along the sides 
of the hearth, (2) conduction through the hearth, and (3) heat in the 
gases entering the heating chamber, which for good uniformity are 
limited to a temperature about 200 F higher than that of the heating 
chamber. Of these, the heat transmitted through the hearth is a small 
percentage of the total. 

From Fig. 26, the heat content of one pound of steel between room 
temperature and 1800 F is 305 Btu. A heating rate of 30 lb per (sq ft 
of hearth, hr) requires the transmission of 30 X 305 = 9150 Btu per hr, 
neglecting the heat losses from the heating chamber. The thermal 
conductivity of firebrick at furnace temperature equals 9 Btu X in. per 
(sq ft, hr, F), and the usual hearth thickness is 4 in., so that the heat 
transmitted through the hearth with a temperature difference of 
9 X 200 

200 F is — - - =“ 450 Btu per (sq ft, hr), or about 5 per cent of the 

total. 

Uniformity of temperature and heating capacity are increased, if 
the underfired hearth is perforated as illustrated in Fig. 7. In that 
case, the charge must be placed on high ledges to prevent spotty 
heating. 

The underfired furnace does not increase heating capacity per square 
foot of fioor space, but it serves other useful purposes: 

1. The cold spot at the bottom of the charge is eliminated. 

2. The temperature of the furnace gases is reduced, and 

3. The periphery of the charge is protected from excessive radiation. 

As previously mentioned, big objects of certain steels must be heated 
slowly. Temperature differences produce strains that are harmless in 
mild steel, but cause cracks in the tender steels. The cracking is 
accompanied by a peculiar noise that is called the clink. Evidently, 
slow and careful heating of large objects reduces the heating capacity 
of a furnace below the average value. The metallurgist sets the 
heating rate. His orders must be obeyed by the operator of the 
furnace. 
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6. VERTICAL HEATING 

If elongated objects are to be heated in a vertical position, the term 
^Veight heated per (sq ft, hr)^' is meaningless, because the vertical 
dimensions encountered in practice range from 4 to 60 ft or more. If 
a single piece, or one row of pieces is heated, engineers help themselves 
by calling the product, vertical dimension times horizontal dimension 
of the furnace, the hearth area, to which the rule of weight heated 
per (sq ft, hr) is applied. 

It does not help to lay the furnace on its side in the cases of ingots 
in a soaking pit and coil annealing. In ingot-heating furnaces (soak¬ 
ing pits), two or three rows of ingots are needed. Calculation of 
heating capacity of such furnaces is tedious and almost impossible, 
not only because of variation in size and composition of ingots, but 
also because some ingots are charged cold and others are charged hot. 
A common rule for heating time is 1 hr for each hour of track time 
from pouring at the melt shop to charging into the pit, but this time 
may vary from 1 hr to 8 hr for carbon steel. For some alloy steels, 
the heating time may be necessarily twice as great as that obtained 
from this rule. For an ingot heating furnace 8 ft wide by 22 ft long, 
the charged weight varies from about 72 tons for alloy steels to 140 
tons for large ingots of carbon steel. For the usual alloy steels, the 
production will be about 6 tons of ingots heated per hour (hot ingots 
at usual temperatures), which is equal to 68 lbs/(sq ft bottom area, 
hr), or 46 lbs per (sq ft side area, hr). For low carbon steel, the pro¬ 
duction is from 10 to 20 tons per hr, with a usual average of about 
14 tons per hr. Additional complications are introduced when it ife 
necessary to provide sufficient charging capacity to handle wide varia¬ 
tion of production at the melt shop, resulting in ^^bunched heats,and 
by mill capacity when rolling ingots of different sizes and analyses. 

Consideration is given later in this chapter to the heating of verti¬ 
cally piled coils of wire and strip. 


7. MUFFLE FURNACES 

The principal purpose of a muffle is to protect the charge from the 
effects of the products of combustion. Another object is to smooth 
out temperature inequalities that exist on the combustion side of the 
muffle wall. A muffle that serves only to smooth out temperatures 
is frequently open and is called a semi-muffle. The muffle may sur- 
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round the charge, as diagrammatically illustrated by Fig. 68. It may 
at times surround the burning gases, and when it does, the mufiSe 
usually is a tube (radiant tube). (See Fig. 16.) 

The heating capacity of a muffle that surrounds the charge depends 
upon the surface area and emissivity of the stock, and upon proper¬ 
ties of the muffle wall (temperature, area, emissivity). For a given 
set of these variables, the heating capacity is slightly less than that of 



a direct-fired furnace (having the same wall temperature) because 
of the absence of products of combustion that are hotter than the 
furnace wall. 

For muffles that surround the charge, the following facts should be 
noted. The inside of the muffle wall is colder than the outside, be¬ 
cause of thermal resistance of the muffle wall. And the outside of the 
muffle wall is colder than the refractories that surround the muffle, 
because a muffle is a radiation shield which reduces heat transfer (due 
to solid radiation) by one half. Proof is furnished by the following 
reasoning: Let area A having absolute temperature Ti radiate to an 
equal area A having absolute temperature 7^2- Then the hourly heat 
transfer Q === kA{Ti^ If an extremely thin wall is interposed 

between the two areas, that wall quickly assumes an intermediate 
absolute temperature Tm. The intermediate wall must radiate to the 
low-temperature area as much heat as it receives from the high-tem- 
perature area, in order to be in temperature equilibrium. This fact 
leads to two intermediate equations, namely 

Q/{kA) - ~ and Q/{kA) =- ~ T 2 ^ 

By addition of the two equations, the intermediate temperature cancels 
out. The resulting equation, Q - %fcA(ri^ — T 2 ^) , proves that even 
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an infinitely thin mufile cuts heat transfer due to solid radiation in 
half. However, flame radiation does not follow the fourth-power law; 
this means that the reduction is slightly less than half. 

The capacity of a mufile is also limited by strength and durability 
of the muffle walls. This fact can be illustrated by an example. Let 
it be required to heat steel to 1000 F in the furnace which is illus¬ 
trated by Fig. 58, and let that steel be heated at the rate of 25 lb per 
(sq ft, hr). From Fig. 26 or 27, the heat to be imparted to each 
pound of steel equals 250 Btu. The hourly heat input into the steel 
per square foot equals 25 X 250 = 6250 Btu. For average conditions, 
the ratio of heat-transmitting muffle surface to hearth area is about 
three. With this value, each square foot of muffle surface has to 
transmit 2080 Btu per hour. If the muffle is made of fireclay, which 
has an average conductivity of 9 Btu in. per (sq ft, hr, F), and if the 
muffle wall is 1 in. thick, the temperature drop through the muffle 
wall would, in the case of the example, equal 2080/9 == 232 F. Ob¬ 
viously, if the muffle were 2 in. thick, the temperature drop would 
be 464 F; and it would be only 58 F, if the muffle were ^ in. thick. In 
Chapter 7, proof is offered that cracking of fireclay tiles cannot be 
prevented if the number of Btu transmitted through the wall per 
square foot and hour, multiplied by the thickness in inches, exceeds a 
certain value. That value is about 2000 for tiles made with great 
care of selected material, and is low as 500 for tiles made with less 
care from poorer material. Translated into the present example, it 
means that the best possible muffle wall could be 2000/2083 = 1.0 in. 
thick, whereas a muffle of poorer quality could be only 500/2083 
= 0.24 in. thick if cracking is to be prevented. 

The great difference of temperature on each side of a muffle wall 
that is made of fireclay not only reduces the heating capacity of the 
muffle but also causes the products of combustion to leave at a very 
high temperature. For both reasons, muffle walls are made as thin 
as is practical of material that has both high thermal conductivity 
and resistance to heat. Alloy steel and silicon carbide are the most 
suitable materials for muffle walls. 

An example of the capacity of muffle-type furnaces is given at 
the end of this chapter. 

Muffles are seldom used for heating metals to more than 1800 F 
because of cost of maintenance. For lower temperatures, electrically 
heated furnaces and furnaces with radiant tubes and forced circula¬ 
tion have taken over. 

The heating capacity of furnaces that are equipped with flame- 
in-tube muffles (radiant tubes) is limited by the heat that can be 
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radiated from the tubes in unit time. Since radiant tubes are more 
frequently used in continuous furnaces, th6ir radiating capacity) is 
discussed in the next chapter. 


8. HEATING CAPAOTIES IN TEMPERATURES 

FROM 1400 F TO 1800 F 

The metals and the purposes for which they are heated in this 
temperature range are given in Table 8. The heating capacity of 
furnaces that operate within that temperature range can be deter¬ 
mined in the manner used above for high temperature furnaces. Al¬ 
though less heat needs to be imparted to each pound of the stock, 
heating time is longer and heating capacity is lower, because heat 
transfer by radiation is smaller than it is at higher temperatures. 
By reference to Fig. 37 (Chapter 2) it can be seen that the coefficient 
of heat transfer from 1600 F to 1200 F is only 40 per cent of the co¬ 
efficient for the same difference between 2200 F and 1800 F. The 
effective temperature difference (between furnace and stock) is also 
lower, but that decrease is counterbalanced by the lower amount of 
heat required. 

In the temperature range examined here (1400 to 1800 F), the 
heat transfer coefficients of Fig. 52 apply, if attention is paid to the 
multipliers. If bright metals such as, for instance, stainless steel or 
titanium are heated, the rate of heat transfer must be adjusted in 
conformity with equation 7. 

Copper and its alloys are heated within the temperature range that 
is considered in this section. In comparing the heating time of these 
alloys with the heating time of steel, and basing the comparison on 
equal temperature uniformity in the stock, the heating time per inch 
of thickness of the other metal equals the heating time of steel 
multiplied by 

Conductivity of steel X Specific heat of other metal 
Conductivity of other metal X Specific heat of steel 

This multiplier is based on the observation that the rate of heating 
of the interior of the metal, in cubic feet per hour, is proportional to 

Conductivity 
Specific heat X Density 

and the weight heated in pounds per hour is, of course, proportional 
to the latter ratio, multiplied by the density. Values for computing 
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30,000 


e 

I 

20,000 


10,000 



Ratio 


Stock area 
Refractory area 


= R 


Fig. 59. Overall rate of heat transfer to surface of stock. These average values 
for the rate are taken from practice, and apply to the following conditions: 

Curve 1. Bright aluminum at 900 F—^forced convection 

2. Oxidized aluminum at 900 F—^forced convection 

3. Heat treating of steel at 1500 to 1700 F 

4. Heat treating of thin steel at 1500 to 1700 F 

5. Oxidized copper at 1600 F 

6. Forging or rolling of steel at 2100 to 2200 F 

7. Forging or rolling of steel at 2300 to 2400 F 

When applying coefficients of this chart, use mean temperature difference indi¬ 
cated in Fig. 51. Values do not apply when furnace and charge are heated up 
together. Read p. 60 before using. 


the multiplier are given in Table 3. For copper, the multiplier is 
about one-ninth, and for brass it is about one-half. 

If the above given multiplier were the only criterion for heating 
capacity, copper could be heated in much smaller furnaces than are 
needed for heating the same weight of steel. Actually, other factors 
must be considered, such as emissivity and temperature of refractories 
(see Fig. 69). The upshot is that at 1600 F about twice as much 
copper can be heated per square foot of hearth and hour as steel. 




Data from Practice 
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9. HEAT TRANSFER AND HEATING CAPAQTY 
AVERAGE VALUES FROM PRACTICE 

The danger of overheating the stock limits the capacity of furnaces 
of the batch-type. When the hearth is properly filled, the ratio R of 
stock surface to refractories surface is not subject to great varia¬ 
tions. In consequence, average rates of heat transfer and of heating 
rates have been established. Figure 59 is an example of such aver¬ 
ages. The data, which were collected by the junior author, reveal 
the relations between temperature to which the stock is to be heated, 
ratio B (stock surface area to area of refractories) and rate of heat 
transfer. The values of Fig. 59 are averages and are subject to con¬ 
siderable deviations in individual cases. Among the reasons for 
deviation is the fact that not all of the surface of the stock can 
see the heated refractories. Part of the stock may see refractories 
that are below furnace temperature. 


TABLE 8 


Heating Capacity 


Material and Purpose 

Desired Final 
Temperature 

Ib/sq ft, hr 
(total hearth area) 

Steel 

Forming, low carbon 

2350 

60 

Forming, high carbon, alloy 

2100 

40 

Forming, stainless 

2300 

40 

Butt & Lap weld, skelp 

2650 

90 

Hardening 

1650 

30 

Drawing 

1000 

25 

High Anneal 

1500 

5 

Low Anneal or Temper 

1250 

15 

Copper and Brass 

Forming, cake heating 

Breakdown Anneal, Coils, Sheets, 

1600 

100 

Tubes 

1325 

70 

Finish Anneal, Coils, Sheets, Tubes 

1325 

35 

Aluminum 

Forming, Ingots 

1000 

65 

Forming, Billets 

1000 

35 

Annealing, Coils 

900 

35 


In Table 8, as everywhere else in this book, hearth area refers to the whole 
hearth. Like Fig. 59, Table 8 offers average values only. 
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Values of R lower than 0.4 help in the quick heating up in a fur¬ 
nace that is too large for the job at hand. Furnaces that are charged 
to optimum capacity do not exhibit such low values of J?. In 
unusual cases, heating capacities of furnaces may deviate as much 
as 60 per cent from the values of Fig. 59. 

Another statistical method consists in expressing furnace capacity 
by gathering data on pounds of metal heated per (sq ft X hr). Such 
data, carefully selected by the junior author, are given in Table 8. 


10. LOW-TEMPERATURE FURNACES AND OVENS 

The study of furnace capacity has, up to this point, been limited 
to furnaces in which a temperature in excess of 1400 F prevails. In 
such furnaces radiation is very energetic, so much so that all i^arts 
(except where covered by the charge) of a batch-furnace have prac¬ 
tically equal temperatures. Matters are different in ovens and fur¬ 
naces using a low temperature, at which radiation is weak. At 
2240 F, unit area radiates 16 tim^s as much heat as it radiates at 
890 F. Whereas the heat to be imparted at 890 F is 36 per cent of 
the heat required by the same weight of charge at 2240 F, the energy 
of radiation is only 6 per cent. The result is two-fold. If heat were 
to be transferred by radiation only, the low temperature furnace 
would, for a given rate of heat transfer, have to be six times as large 
as the high temperature furnace, and the temperature of the charge 
would be far from uniform. To make matters worse, the materials 
which are heated to between 890 and 1200 F are usually bright and, 
therefore, do not readily absorb radiant heat. 

The difficulties are largely overcome by increasing the convection 
component of heat transfer. From equation 3, in Chapter 2, it is 
known that the rate of heat transfer by convection grows with greater 
density and with greater velocity of the flowing medium. At low 
temperatures, the density is greater than it is at high temperatures. 
The velocity of the flowing medium is increased, either by the jet 
action of excess combustion air or, in the majority of cases, by hot 
fans. The fans may be located in the furnace, where they stir up 
the atmosphere, but are preferably located in ducts, as shown in 
Fig. 60. The outlet port or vent is not shown in the illustration. A 
limit to the velocity is set by the balance between the reduction of 
furnace size (and cost) and increased temperature uniformity on one 
side, and cost of power on the other side. The optimum velocity varies 
with the cost of power and with the condition of the charge, emis- 
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sivity being one of the factors. The brighter the charge, the higher 
the optimum velocity. The power delivered to the fan is converted 
into heat. ' < 

Since the heating capacity of any furnace is largely determined 
by the coeflScient of heat transfer, the value of the cdeflScient must 
be ascertained. Table 9, which was compiled by the junior author, 
may be used for this purpose. 



Fig. 60. Forced-convection or recirculating-type furnace, batch tsrpe. 


Friction losses and power consumption, affecting the selection of 
the coefficient of heat transfers, are discussed in Chapter 8. After 
selection of coefficient k of heat transfer, the heating time can be 
calculated at the place where the hot gases first contact the charge. 
Either the logarithmic equation or the simpler method of figuring 
with the equivalent temperature difference may be used. 

While the furnace gases pass along or through the material that 
is to be heated, they lose temperature. This drop in temperature 
raises a question, which may be asked in two ways: 

1. When the charge at the place of first contact with furnace gases 
has reached the desired temperature, what is the temperature of the 
charge at the point where the gases leave? 

2. When the coldest point of the charge has reached the desired 
temperature, how much is the hot part of the charge overheated? 
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Low-Temperature Furnaces and Ovens 

In the heating of some materials, imderheating or overheating is 
of little importance. But, for other materials, ±25 F make a great 
difference in the properties of the materials. Obviously, a high excess 
temperature of the furnace gases makes a great difference in the 
speed of heating and in the first cost of the furnace. For that reason, 
a calculation of the temperature difference along the furnace is desir¬ 
able. At this point it may well be mentioned that the temperature 
difference between the incoming and outgoing ends is small, if the 
gas travel is short. Excessively long travel is avoided by admitting 
the hot gases in the center and taking them off at the ends, or vice 
versa (see Fig. 10). The method of accounting for the time lag and 
the lower temperature at the outgoing end is explained in the follow¬ 
ing example. 


Example. Steel disks 24 in. diameter and 0.20 in. thick, weighing 25 lb 
each, are to be heated from 100 F to 1050 F in a forced-convection-type 
furnace 5 ft wide by 10 ft deep, with hot gases at 1100 F. Production is to 
be 1500 lb per hr. The furnace is charged with 10 disks at a time. What 
circulation of hot gases is required? 

m- • rr u disks X 25 lb ^, 

1500 Ib/hr 

Area of Steel in Furnace, A = 10 disks X 6.3 sq ft (both sides) = 63 sq ft 

Weighi in Furnace, 10 disks X 25 lb = 250 lb 

Specific Heed of Steel at These Temperatures, Cp = 0.135; T/, Tg ^ 

100 F, 1050 F, and 1100 F, respectively. 

The required overall coefficient of heat transfer may be determined in two 
ways. One method is by the use of the logarithmic equation 9 which is based 
on a constant coefficient of heat transfer, and is fairly accurate when the 
percentage of heat transferred by convection is very high. By this equation 


250 X 0.135 1100 -- 100 

63 X 0.167 ^ 1100 - 1050 


9.55 Btu per (sq ft, hr, F) 


The active temperature difference in this equation is the logarithmic mean 
temperature difference, which for the above value, is 


(1100 - 100) - (1100 - 1050) 
1100 - 100 
1100 - 1050 


= 317 F 


This difference corresponds to 72 per cent of the temperature rise of the 
stock, which is correct for convection heating only. 

The other method employs the "two-thirds” rule, which means that the 
mean temperature of the stock is two-thirds of the total rise. The rule is 
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based on a variable coefficient of heat transfer by both convection and radia¬ 
tion. By this rule, the equation becomes 


250 X 0.135 (1050 - 100) 

63 X 0.167 ^ M X 950 + 50 


S.2 Btu per (sq ft, hr, F) 


From Table 9, where for the present example the value of R is about 0.4, 
the emissivity of the steel is 0.4, and Tg is 1100 F, the coefficient of heat 
transfer by radiation only is about 5.0. The convection component must be 

8.2 (by the two-thirds rule) — 5.0 = 3.2 Btu per (sq ft, hr, F). 

From the convection equation 3 in Chapter 2, 

520 

3.2 = l-f 2.7 X 0.08 X ^ X c 
lobU 

and c (velocity of gases in ft/sec) == 30.8. 

If the circulation is arranged from one end of the furnace to the other end, 
and if baffles are arranged for 10 sq ft of cross-sectional area, the circulation 
of hot gases by the fan will be 10 sq ft x 30.8 ft/sec x 60 sec == 18,480 cfm. 

The temperature of the disks at the cooler end of the furnace depends on 
the method of operation of the furnace. If the furnace is hot, when the disks 
are charged and the disks at the cool end are charged first, there can be only 
an insignificant difference of temperature between the disks at the two ends of 
the furnace, especially so if the disks at the hotter end are removed first. In 
another method of operation, the temperature of the gas can be reduced to 
1050 F as soon as the disks at the hot end have reached that temperature. 
And if the disks are charged into a cold furnace, a much higher gas velocity 
is needed to heat the disks in the specified time. 

If the disks could be charged simultaneously and could be removed simul¬ 
taneously, there would be a temperature difference between the disks at the 
two ends. No analytical method exists for calculating this difference. The 
following method furnishes an approximation. While the gases pass through 
the furnace, they lose temperature; much at first, and then less and less. By 
transfer of heat to the charge (at average temperature of the charge) the 
drop of temperature of the gas is found from the following equation: 

8.2 Btu (sq ft, hr, F) X 63 sq ft X 367 F temper a ture differe nce _ p; F 
18,480 cfm X 60 min X 0.0267 Ib/cu ft X 0.25 specific heat 

The lower temperature of the heating medium would cause the same lower¬ 
ing of the temperature of the disks, if it were not for radiation from the ini¬ 
tially hot walls. It is estimated that this radiation reduces the temperature 
drop by about 5 F, which means that the disks at the cooler end have reached 
1030 F, when the disks at the hotter end have been heated to 1050 F. 


Determination of the effective area A of the heating surface is usually 
more difficult than it is in the example of heating disks. In a furnace 
such as illustrated by Fig. 61, the extent of the surface contacted 
by the gases is uncertain. The contacted heating surface and also 
the free cross-sectional area vary with the shape of the objects in the 
charge. For that reason the velocity of the gases is usually referred 
to the empty furnace and is then multiplied by a factor of experience. 
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Mention is here made of the fact that, in the heating of aluminiun, 
the excess of temperature of the heating gas over the final tempera¬ 
ture of the charge may safely be greater than in the heating of steel, 
because of the low emissivity and the high thermal conductivity of 
aluminum. 

The difference (gas temperature-final temperature of stock) must 
be small if the property of the heated material is adversely affected 



Fig. 61. Gas-fired tempering furnace. (Courtesy of Lindberg Engineering Co.) 


by slight overheating, and if the heating stock has low thermal con¬ 
ductivity. This combination is encountered in the annealing of thick 
coils of thin strip steel. Although the strip is coiled under tension, 
successive wraps have contact in spots only, because the apparently 
smooth surface of the strip has microscopically small hills and dales. 
The latter are filled with air, which, if confined, is a very poor con¬ 
ductor of heat. Since the thickness of the films of air is not known, 
the time that is required for heating coils is largely a matter of experi¬ 
ence. A furnace for heating coils is illustrated by Fig. 62. The fol¬ 
lowing data were derived from experience with such furnaces. 

With practically all of the heat entering radially from the outer 
and inner surfaces of the coil, the heating time per inch of radial 
thickness of auto-body strip is 2 hr for commercial quality and 2.8 hr 
for deep drawing quality. Both figures include soaking time. In com- 
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parison with the forge-plant rule that heat penetrates Vs in. in 
5 min, the figures given above are equivalent to ^ in. in 30 min and 
in 42 min, respectively. 



The goal is to heat the steel uniformly to about 1250 F. In com¬ 
mercial quality, temperature differences up to 70 F are permitted, 
whereas, in deep drawing quality, about 34 F is the limit. 

The time needed for cooling a coil (under the inner cover) down 
to a temperature at which it may be exposed to air is approximately 
50 per cent longer than the heating time by natural circulation, and 
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Furnaces With Liquid Baths 

somewhat less when water or forced air is used on the outside of the 
cover. For the sake of economical operation, coils became larger 
and thicker so that heavy coils had to stay under the hood for ’a 
whole week. 

The time for heating and cooling was reduced by imparting most of 
the heat axially, instead of radially as shown in Fig. 62. Convector 
rings were placed between successive coils in the stack. The hot gas 
was forced to circulate through these hollow rings, transmitting heat 
to the rings and, through them, to the ends of the coils. The resistance 
of the small passages in the convector rings called for more powerful 
blowers. The power of the blowers is converted into heat. One 
engineer remarked: “We no longer anneal by Btu, but by horse¬ 
power.^’ The heating and cooling periods are indeed shortened. Re¬ 
ferring to heat flow from both ends of a coil towards the middle, 
heat travels Yg in. in 9 to 9% min for commercial quality, and 12 to 
13 min for deep drawing quality. These values were derived from 
numerous tests made by Lee Wilson Engineering Company. Of 
course, heat travels at the same rate in either case. As above, the 
difference in time is caused by greater temperature uniformity needed 
for deep-drawing steels. In a strip of 36 in. width the heat travels 
18 in. = 18 X 8 X H in. from either end. For an average rate of 
12 min per % in., the needed time equals 18 X 8 X 12 = 1728 min 
= 28.6 hr. The thickness of the strip has very little effect on the 
heating time, although some heat flows radially into the coil. It is 
evident that the heating time becomes long for wide strip. 

The above given figures are for design engineers. Owners and 
operators think and speak in tons per hour. 

The increase in weight of coils (diameter, width) led to schemes 
for shortening heating-plus-cooling time. One invention is based 
on replacing the air films (between successive wraps) by films of 
helium and hydrogen. Another invention is based on loosening or 
expanding the coils so that the gas can be forced axially through the 
coils for heating as well as for cooling. 


11. FURNACES WITH UQUID BATHS 

The various purposes for which salt baths are used are discussed 
in Volume II. 

In salt baths and metal baths, heat is transferred to the charge 
mainly by conduction. Convection and radiation play minor roles in 
furnaces of the bath type. Heat is transferred to the work blanks 
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so rapidly that this function normally does not determine the heating 
capacity. Two other features determine that capacity. The volume 
of the bath must be so big that immersion of the work blank reduces 
the temperature of the bath by only a few degrees. Furthermore, 
the surface through which heat is imparted to the bath must be large 
enough to permit heat transfer without damage to the container. If 
the heat is transferred through a metallic kettle, the kettle area 
through which heat is transferred must be large enough to prevent 
injury to the kettle by oxidation or overheating. If heat is trans¬ 
ferred to the bath from above by radiation and convection, the heat¬ 
receiving horizontal surface of the bath must be large enough to pre¬ 
vent injury to the refractories above the combustion space. 

The heat to be imparted to the charge during one immersion equals 
weight times temperature rise times specific heat. The word ^^charge^^ 
includes containers for work blanks. Additional heat input is needed 
to make up for the heat that is lost from the bath by radiation from 
the uncovered surface of the bath. The emissivity of a salt bath is 
approximately 90 per cent. Lead baths are covered with lead oxide 
and with charcoal to reduce radiation, depending upon the thickness 
of the cover material. 

Zinc baths for galvanizing purposes lie in steel kettles. The latter 
are quickly corroded by the zinc, if the wall temperature of the kettle 
is too high. The corrosion is very costly because of a breakout. The 
danger point lies at a heat transfer of 14,000 Btu per (sq ft, hr) to the 
wall of the container. Designers aim at 10,000 Btu per (sq ft, hr) 
hoping that, at the hottest spot, the rate of heat transfer will not 
exceed the danger point. 

Many salt baths are heated by electrical energy. Resistors are 
arranged between the kettle and the surrounding furnace wall, or else 
electrodes reach into the bath from above. Furnaces of this type are 
discussed in Volume II. 


12. EXAMPLES 

Example 1. Furnace Heating Skelp for Butt-Welded Tubes. The 
arrangement is shown in Fig. 341. The hearth is 7 ft 6 in. wide by 25 ft long. 
Average height of arch above hearth is 4 ft 0 in. Skelp 11 in. wide by 0.22 
in. thick by 23 ft long is to be heated to 2550 F, the furnace temperature 
being 2600 F. Find the heating time per piece, the heating capacity of the 
furnace and the temperature difference in the material. 

The stock lies flat on the hearth, which is practically covered; hence we 
must figure on heat entering from one side only. The flame ranges from 
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semi-luminous to luminous, depending partly on the quality of the fuel gas. 

(a) Heating time by method of page 60. Average temperature difference 

between furnace and stock — %(2550 — 100) + 50 866 F. From Fig. >62 

for R «=» 0.25 and stock emissivity of 0.9, k is about 35 Btu per (sq ft, hr, F). 
Adding 10 per cent for luminosity, the figure becomes 38.5. Heat input 
required (Fig. 27) 408 — 11 — 397 Btu per lb of steel. Weight of mate¬ 

rial per sq ft of surface exposed to heat ** 0.22 x 144 x 0.283 pci — 9.0 lb. 
Heating time 

_ 9 psf X 397 Btu per lb _ 

38.5 Btu/(sq ft, hr, F) X 866 F temp, difference 
= 0.107 hr = 6 H minutes 

(b) Capacity of furnace 

9 0 osf 

= “ 84 lb per (hr, sq ft of hearth actually covered) 


Either 6 or 7 pieces could be on the hearth at a time (11 in. width of pieces, 
90 in. width of hearth). If 7 pieces, then the heating capacity of the furnace is 


7 X 11/12 X 23 ft X 9 psf 
0.107 hr 


12,400 lb per hr 


or 66.0 lb per (hr, sq ft of total hearth area). 

(c) Uniformity of temperature in the stock. By the rule that heat travels 
^ in. in 5 min, the skelp should remain in the furnace 5 x 2.2/1.25 « 8% 
min. Since this rule is based on a very small temperature difference in the 
stock, a heating time of 6% min is acceptable. Temperature uniformity is 
made better and heating time is shortened by the fact that the skelp is drawn 
slowly out of the furnace and through a ring die. During that time the 
hearth is exposed. The replacement skelp is not entered until the hearth under 
the preceding skelp is entirely bare. 

There is some space between adjacent pieces, so that the edges are hotter 
than the rest of the skelp. The heating process is wasteful, because only the 
edges must reach welding heat, when the rest of the skelp could be a dull 
red heat. 

Example 2. Forge Furnace for Heating Large Rounds. The arrange¬ 
ment and dimensions of the furnace are shown in Fig. 63. Let it be required 
to heat forging ingots of mild steel, 24 in. in diameter, from 100 to 2200 F. 
Find the time required for heating and the minimum furnace dimensions. 

The diameter of the ingot is so great that the heating time is determined 
by temperature difference in the stock. If the standard method of heating is 
followed, about 18 min per in. of diameter are needed. If an accelerated 
method is followed, 14 min per in. of diameter suffice. Depending on the 
method of heating, the required time ranges between 14 x 24 « 336 min (5% 
hr) and 432 min (7^ hr). These heating times are based on the ingots being 
blocked up so that the flame can circulate around it. If the ingot lies on the 
hearth, the heat has to travel a great distance, and 30 to 40 per cent must 
be added to the above calculated heating times. 

In order to be heated in 6 hr, the ingot must be surrounded by a thick 
layer of clear products of combustion or a thinner layer of luminous gases 



86 The Heating Capacity of Batch^Type Furnaces 

having a high temperature (2500 F). The following calculations afford an 
insight into these relations. 

The ingot weighs 245 psf of ingot surface. The heat to be imparted to 
each pound of the ingot equals 370 Btu. Then the heat per sq ft of surface 
= 91,000 Btu. If the ingot is to be heated in 6 hr, the hourly (average) input 
of heat equals 91,000/6, which roughtly equals 15,000 Btu per (sq ft, hr). 




Fig. 63. Furnace for heating forging ingots. 


By following the method of Fig. 51, the active mean temperature difference 
is found to be 700 -h 300 = 1000 F. Then a heat-transfer coefficient of 
15,000/1000 = 15 Btu per (sq ft, hr, F) suffices. In order to determine the 
thickness of the gas layer that is needed for producing this heat transfer 
coefficient, turn to Figs. 41 and 42. If natural gas is the fuel, the products of 
combustion contain roughly 10 per cent CO 2 and 19 per cent H 2 O. Thus, 
in 1 ft thickness of products of combustion, p • s == 0.1 ft atm for CO 2 and 
0.19 ft atm for H 2 O. The mean temperature between the gases of 2500 F 
and ingot surface temperature 1500 F equals 2000 F. At that mean tempera¬ 
ture, k for CO 2 ** 5.3 at 0.10 ft atm; and for H 2 O at 0.19 ft atm, k = 7.2 Btu 
per (sq ft, hr, F). The sum of the two coefficients equals about 12.5. Hence, 
a gas thickness of 1 ft suffices. 

A few remarks are in order. The heat transfer coefficient is reduced and 
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increased by opposing influences. It is reduced about 16 per cent by the 
overlapping of radiation bands and by the absorptivity of the surface of the 
ingot. It is increased considerably more than 15 per cent by radiation frqm 
the products of combustion to the furnace walls which re-radiate to the ingot. 
Although the thickness of the gas layer may be less than 1 ft, this minimum 
dimension is preferred to reduce the danger of flame impingement. (See also 
Tables 5 and 6.) 

Example 3. Furnace to Heat Billets for Rolling. A gas fired furnace 
is 35 ft wide by 13 ft deep, with 6 charging doors along the front of the 
furnace, as shown in Fig. 64. The average height of the roof above the 
hearth is 4 ft. A total of 40 billets of alloy steel are charged into the furnace 
when it is at 1500 F, the furnace having cooled to this point while charging 
the billets. The billets are 5 in. by 5 in. by 10 ft long, and are to be heated 
from 100 to 2100 F with maximum final temperature difference of 50 F. 
Determine the heating time. 


SS'-O" 


burners 



- 13 '- 0 - 






sdljl^ 


6doors2'-7''x4'-0'' 




Fig. 64. Batch-type billet-heating furnace showing arrangement of billets in 
furnace. 


The average thickness of the gas layer above the billets is about 41 in. and 
the layer below the billets is only 6 in. Also note that the top gases are 
hotter than those below. For both reasons it is judged that five-sixths of 
the heat enters the top, the remaining one-sixth entering from the bottom. 
With the billets 5 in. apart in the furnace, it is estimated that the radiation 
which the vertical surfaces of the billets receive is equivalent to 60 per cent 
of the full radiation. Hence, 3 in. per side are used in the calculation. Then, 
the heat absorbing surface per ft of billet length is 

5 in. (top) + 6 in. (two sides) X 1 ft _ 

- — - = 0.92 sq ft 

The weight per ft of billet length heated from the top is % x 85 lb per ft 
71 Ib/ft. The heat* to be imparted per lb is 360 — 12 = 348 Btu. 

In computing the ratio R, allowing for the fact that the bottom is not as 
effective as the top of the furnace, the total area of the billets divided by an 
estimated effective refractory area of 1200 sq ft is 0.56. 

With stock emissivity equal to 0.8, R =* 0.56, and final temperature 2100 F, 
k from Fig. 52 =* 0.86 x 21.7 = 18.6 Btu per (sq ft, hr, F). The average 
furnace temperature during the cycle is about 1950 F and the average tempera- 
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ture of the billets is 100 + %(2100 - 100) = 1435, so that the mean tempera¬ 
ture difference is 515 F. 


Heating time = 


71 Ib/ft X 348 Btu per lb 
18.6 X 0.92 X 515 


= 2.8 hr 


k area temp. 

diff. 


The rate of heat absorption in this case is 18.6 Btu per (sq ft, hr, F) x 
515 F — 9600 Btu per (sq ft, hr), which is the same as that found on curve 6 
of Fig. 59 for the value of i? = 0.56. 



chapter 


The Heating Capacity 
of Continuous Furnaces 


1. CONTINUOUS FURNACES AND RELATION 
TO BATCH-TYPE FURNACES 

In continuous furnaces the stock or charge moves continuously, or 
intermittently, through them. The stock may be pushed or rolled 
through, or it may rest on a rotating hearth, or be suspended from 
an overhead conveyor. If the charge rests on trays that are pushed 
through, or if it rests on a moving chain or on rollers, continuous 
furnaces are commonly called automatic. 



Fig. 65. Continuous furnace, endfired in several zones. 


A continuous furnace may be so heated that the temperature of the 
products of combustion is practically constant everywhere in the 
furnace. This temperature uniformity may be obtained by front 
firing in several zones, as illustrated by Fig. 65, or by roof firing, or 
by side firing in several zones, as indicated in Fig. 66. In such fur¬ 
naces the heating capacity at least equals and often elcceeds the 
heating capacity of batch-type furnaces. Originally, continuous fur¬ 
naces were built with a decided temperature drop from the (stock) 

89 
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discharge end to the (stock) entrance end, but since about 1948 con¬ 
tinuous furnaces for heating slabs have been built mainly for constant 
or almost constant temperature in the heating zone, to keep furnaces 


Damper-'^ 

I I rSkids i "I ^Baffle j’*'i 



Fig. 66. Continuous furnace fired from the sides. 
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Fig. 67. Temperature equalization obtained by interruption of heat supply. 

short. The statements relating to batch-type and continuous furnaces 
are correct for top-fired furnaces carrying a temperature correspond¬ 
ing to the temperature of the batch-type. The heating capacity of 
such furnaces is, of course, determined by hearth area, furnace tem¬ 
perature (which is intermediate between gas temperature and wall 
temperature), emissivity of the stock, composition and thickness of 
layer of products of combustion, and ratio of wall surface to stock 
surface. 
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Continuous Furnaces for High Temperaiures 

The heating capacity of continuous furnaces can (and usually does) 
exceed that of batch-type furnaces having ^the same hearth areas, 
for two reasons: First, whereas, in batch-type furnaces (with few 
exceptions, explained in Chapter 3) temperature must be held down 
to prevent overheating, the temperature in the heating zone of a 
continuous furnace may be very high, if thin stock is removed 
promptly on having reached the desired temperature or if, in the 
heating of thick stock, the furnace is equipped with a soaking zone 
in which the temperatures can be equalized as shown by the dotted 
curve in Fig. 67. If the stock has a high thermal conductivity, the 
soaking zone is not needed. The second reason is that in a pusher- 
furnace the heating stock may be supported by skid pipes so that 
much heat can be imparted to the bottom of the stock. Both features 
are discussed below. 


2. CONTINUOUS FURNACES FOR fflGH TEMPERATURES 

Thickness of heating stock does not limit heating capacity as much 
in continuous furnaces as it does in furnaces of the batch type, be¬ 
cause heat can be imparted to the stock from below. The limiting 
effect of thickness varies with the thermal conductivity of the stock 
and with the required uniformity of temperature in the heated mate¬ 
rial. Figure 68 contains the relations between thickness of stock, 
heating time, temperature difference in stock, and rate of heating 
in lb/ (sq ft, hr) for mild steel that is heated to 2200 F. 

^Triple’’ firing of continuous furnaces refers to top heat, bottom 
heat, and separate firing of the soaking zone (Fig. 69). In comparing 
heating capacities of such furnaces, statements regarding the hearth 
area of reference should be specific: whether top heating zone only, 
or top plus bottom area, or top plus bottom plus soaking zone, and 
finally whether surface of charge or hearth area is referred to. 

(a) Factors Limiting Heating Capacity. In calculating heating 
capacity of continuous furnaces that are equipped with soaking zones, 
there should, ideally, be no transfer of heat in such zones. In fact, 
a slight loss of heat from the top would speed equalization of tem¬ 
perature. This method is used in top-fired furnaces that heat long 
square billets for press piercing. 

In furnaces that are equipped with skid pipes, the soaking zone 
serves mainly for elimination of black spots, as explained below. 

Example. Two-inch steel billets are pushed through a continuous furnace 
in which a constant gas temperature of 2400 F is maintained. For the condi- 
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tions stated in Fig. 50, the heating time to 2200 F is 1 hr. One square foot 
of heating stock weighs roughly 80 lb. Hence the billets are heated at the 



0 2 4 6 8 10 12 14 16 18 

Billet thickness in inches 


Fig* 68. Temperature differences in steel billets as a function of billet thickness 
and heating time. Top flame only. For equal inputs of heat from above and 
below figure with half the actual billet thickness. 



Fig. 69. Triple-fired zone heating furnace. (Courtesy of Rust Engineering 
Company.) 

rate of 80 lb per (sq ft, hr). If only 85 per cent of the hearth is covered 
by steel, the rate per (sq ft, hr) of steel-covered surface remains approxi¬ 
mately the same, but the rate per square foot of hearth becomes 0.85 x 80 
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68 lbs per (sq ft, hr). The stock is so thin that supply of heat from below 
offers no advantages. 

* j 

Figure 50, previously referred to, teaches the following: When 
flame temperature exceeds final temperature of stock by a small 
amount only, the time-temperature curve is almost parabolic. But, if 
flame temperature greatly exceeds the final temperature of the stock, 
the time-temperature curve is almost a straight line. The result is 
that, in the heating zone of modem continuous furnaces, the value 
% should be used for the mean active temperature difference, replac¬ 
ing the Ys used in the calculation of batch furnaces. 

Increase of output may be obtained by burning more fuel or by 
preheating the combustion air, whereby average flame temperature 
and furnace temperature are increased. Again, by reference to Fig. 60 
it is found that the 2-in. plate reaches a surface temperature of 
2200 F in % hr. This heating time corresponds to a heating rate of 
2 X 80 = 160 lb per (sq ft, hr) of steel-covered hearth, or to a 
rate of 0.85 X 160 = 136 lb per (sq ft of total hearth, hr). 

This high furnace-capacity is brought about by the great difference 
of temperature between flame and heating-stock and by the greatly 
increased coefficient of heat transfer, which is a function of flame 
temperature. In Fig. 52, where the solid curves pertain to batch-type 
furnaces, heat-transfer coefficients for higher excess flame tempera¬ 
tures than are permissible in batch furnaces are shown by dotted 
curves. If, for instance, the stock is to be heated to 1800 F, then an 
excess temperature of 15 per cent means a flame temperature of 
1.16 X 1800 - 2070 F. 

In the heating of 2-in. billets, rates of 130 lb per (sq ft, hr) have 
been attained with front-firing, top heat only. Furnace operation 
at high rates requires alertness of the crew, quick action in case of 
delays in the processing equipment, and excellent maintenance. 

So far as uniformity of temperature is concerned, heating rates in 
excess of 120 lb per (sq ft, hr) are permissible for 2-in. billets. From 
Fig. 68 it follows that, in the example just given, the bottom of the 
billets would be about 90 F cooler than the top. If 8-in. steel billets 
were heated at the same rate, their tops would melt together, while 
the bottom would be still cold. Even at the rate of 80 lb per (sq ft, 
hr), the bottoms of the blooms would be 200 F colder than the tops 
(see Fig. 68). This temperature difference is too great for most of 
the subsequent steps in processing. Either the rate of heating must 
be reduced, or bottom heat must be supplied. 

If only three-eighths of the total heat input comes up from the 
bottom, the two heat flows meet at 5 in. from the top, where (Fig. 68) 



94 The Heaiing Capacity of Continuous Furnaces 

the temperature is 150 F lower than on the surface. If greatest pos¬ 
sible heating capacity in a given space is desired or necessary, the 
temperature in the heating zone is run up as high as circumstances 
permit (explained below) and some equalization of temperature, in¬ 
cluding elimination of black spots, is obtained in a soaking zone. The 
length of the soaking hearth is determined by temperature difference 
between surface and core (in very thick sections) and by elimination 
of black spots (in medium heavy sections). In the rolling of thin 
strip sheets, micrometer measurements in the finished product reveal 
the location of the black spots in the slab. For that reason, the length 
of the soaking zone depends upon the stringency of specifications on 
uniformity of thickness in the finished material. Expressed differently: 
The capacity of a furnace with a given length of soaking zone depends 
on the required uniformity of gage in the finished product. This fact 
explains the seemingly illogical practice of adding top heat in the 
soaking zone. Elimination of black spots is considered to be more 
important than top-to-bottom uniformity of temperature. 

In average practice, the aforesaid rigid specifications do not apply. 
In conformity with varying requirements, the length of the soaking zone 
ranges between one-eighth and one-third of the length of the high- 
temperature heating zone. Rotating hearths have no water-cooled skid 
pipes. In consequence, the soaking zone can be shorter; it usually is 
less than one-eighth of the length of the heating zone. Very rapid 
heating results in a short heating zone, but requires a long soaking 
zone for thick material of low thermal conductivity. 

In the heating of steel, the rate of heating is seldom, if ever, limited 
by the strength of the refractory materials, except in a few unusual 
designs. 

(b) Front-Fired Continuous Furnaces. For greatest uniformity 
of temperature, top- and bottom-fired continuous furnaces with almost 
constant temperature from end to end, plus a soaking zone, represent 
the ultimate heating capacity per unit of hearth area and in unit time. 
However, the greatest number of continuous furnaces for forging or 
rolling are, at the time of this writing, operated with a drop of tem¬ 
perature and with front firing only. The heating capacity of such 
furnaces is limited by several circumstances. The average tempera¬ 
ture difference between products of combustion and stock is lower 
than in a furnace in which the temperature is uniformly high. Front 
firing has the disadvantage that the rate of heat transfer is greatest 
at the place where the surface temperature of the stock is highest. 
This statement is illustrated by Fig. 70.* The dotted lines show the 

♦ The method by which Fig. 70 was calculated is explained in Chapter 5. 
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temperature of the products of combustion for different rates of firing. 
The solid lines show the rise of the temperature of the stock passing 
through the furnace. The rate of heating in poimds of steel per 
(sq ft, hr) is marked on both sets of temperature curves. At the 
heating rates commonly used in front-fired continuous furnaces with¬ 
out recuperation, 50 to 70 lb per (sq ft, hr), the temperature of the 
stock does, indeed, rise most rapidly at the hot end. 


^8oe, 
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Fig. 70. Temperature variation of steel and of gases in a continuous furnace 
heated by coke-oven gas. 


One result is that there is little time left for temperature equiliza- 
tion in furnaces without soaking zones. The higher the rate of heating, 
the greater the temperature differences in the stock, unless the stock 
has a high conductivity and a low emissivity. Another result is the 
melting of corners and edges of the charge and the melting of scale. 
The mixture builds up on a solid hearth or drops down into the space 
under the skid rails, where it freezes and makes a cake that must be 
removed over the week-end. 

These troubles are avoided if, in the heating of steel, the furnace 
temperature at the hot end is kept below 2360 F. In that case, the 
following heating capacities are found for pusher-type furnaces with 
top heat: Up to 60 lb per (sq ft of hearth, hr) when heating 9-in. 
blooms. If very heavy billets such as 18-in. by 18-in. are heated, 
40 lb per (sq ft, hr) are the limit. 

At this point the properties and effects of scale may well be dis¬ 
cussed. 
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Under average conditions, the weight of scale on the surface of 
steel can be expressed by the equation 

lb of scale per sq ft =- 0.4 X (7/2200)5 X t (11) 

where T equals furnace temperature degrees Fahrenheit, not absolute, 
and t is time of exposure, hours. The accuracy of this equation is 
about ±25 per cent; composition of steel and of furnace gases and 
method of circulation of gases have great effect on scale formation. 
Equation 11 is purely empirical, based on observation, and has no 
known theoretical foundation. 

Steel scale begins to soften at 2200 to 2300 F, depending on its com¬ 
position. It melts at 2300 to 2400 F, again depending on its compo¬ 
sition. 

From the last two paragraphs it follows that, if thick steel (which 
stays in the furnace for a long time) is heated in a hot furnace, the 
scale becomes mushy, if not liquid. 

Semi-molten scale has caused many erroneous temperature measure¬ 
ments in steel-heating furnaces. Scale is an insulator. If the scale 
is not shiny or glossy, optical pyrometers and radiation pyrometers 
measure scale temperature, but not steel temperature. And, if the 
scale is shiny, the pyrometers indicate a temperature somewhere be¬ 
tween roof temperature and scale temperature. 

(c) Front Firing, Top and Bottom. The heating capacity of fur¬ 
naces with top and bottom heat is less than twice those in (b) because* 
a soaking zone must be provided for the elimination of the black spots 
that were caused by the water-cooled skid pipes. The maximum rate 
is about 95 lb per (sq ft, hr), again with 2350 F furnace temperature 
and proportionally less for very heavy stock. These values can be 
increased by alternating short-flame and long-flame burners. The 
latter carry the high temperature farther back into the furnace. So- 
called high-velocity burners have a similar effect. Of course, the 
heating rates can be increased by higher furnace temperature (result¬ 
ing in greater operating difficulties). 

(d) Side Firing. The heating capacity of continuous furnaces is 
greatly increased by adding midway firing or side firing (or a combi¬ 
nation of both) to end firing, as schematically illustrated by Figs. 65 
and 66. By these means, capacity can be increased about 50 per cent. 
At the time of this writing, slab-heating furnaces for strip mills are 
rated at 150 lb per (sq ft, hr) on low-carbon steels. It may be re¬ 
peated that some properties of the heating stock reduce capacity. 



Coniinuous Furnaces for High Temperaiures 97 

Among them are: Shiny surface, low thermal conductivity at low 
temperature, brittleness at low temperature, and thickness. 

Furnaces with rotating hearths have no ends and, therefore, cannot 
be endfired, although they can be fired through dips in the roof. 
Such furnaces are sidefired. Their heating capacity is about 25 per 
cent higher than that of top-fired and endfired furnaces of the 
pusher type. 

The above given values are based upon the ratio R (heat absorbing 
surface of stock to surface of furnace-interior) ranging between 0.3 
and 0.4. 

As previously mentioned, the heating capacity of continuous fur¬ 
naces varies greatly with the nature and surface condition of the heat¬ 
ing stock. High-carbon steel is not heated to as high a temperature 
as is low-carbon steel, to avoid decarburization, with the result that 
the heating capacity is lower. Copper is heated to an even lower 
temperature. (See section 4 of this chapter.) 

It is interesting to note that, in furnaces with top and bottom firing, 
as much as 25 per cent of the total heat input occurs in the soaking 
zone. The conclusion, as previously stated, is that temperature equali¬ 
zation between surface and interior is considered to be of less impor¬ 
tance than elimination of black spots. The soaking zone eliminates 
black spots, but does not necessarily eliminate cold spots which show 
up as greater thickness in the finished fiat product. 

(e) Limitation in Hearth Length by Pushing of Stock. Another 
factor limits the capacity of pusher-type continuous furnaces with 
regard to pounds heated per hour, but not with regard to pounds 
heated per square foot per hour. That factor is: Safe length of hearth. 
By ‘^safe length” is meant a length that prevents upward buckling 
and piling up. The safe length depends upon the flatness of the hearth, 
thickness of the stock, and shape of the contacting surfaces of the 
stock. Thin billets are seldom straight, and often have sheared ends 
that are irregular. Very cold bars rise in the middle. A hearth length 
that is safe in one mill causes buckling in another mill. 

If the hearth is horizontal, the pusher force equals weight (W) of 
stock times friction coefficient (/r). W is proportional to the length 
of the hearth. The pusher force for unit width of stock is proportional 
to length of hearth times thickness of stock. Although the equation 
for buckling of columns does not exactly apply in this case, it gives 
an approximate idea of the relation between thickness of stock and 
safe length of hearth. From Euler^s equation it may be concluded 
that the safe length of hearth is proportional to the two-thirds power 
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of the thickness of the stock, if the hearth is horizontal. For a stock 
four times as thick, the safe hearth may be 2^/4 times as long. 

Inclining the hearth increases the safe length. This is the principal 
reason why furnaces for heating thin stock have inclined hearths. 
Hearth inclination reduces pusher force in accordance with the equa¬ 
tion 

Pusher force = Wfr cos j — W sin j (12) 

where j is the angle between the hearth and the horizontal. If 
tan j equals fr (coeflScient of friction), the pusher force is reduced 
to zero. 

Excessive hearth inclination interferes with pressure conditions in 
the furnace, as explained in Chapter 8. An inclination of more than 
8 degrees is rare. The safe length of hearth also depends upon the 
shape of the contacting surfaces of the billets. If the billets or slabs 
have round edges, climbing occurs easily. Crooked billets likewise 
favor climbing. Means for reducing the danger of piling up are dis¬ 
cussed and described in Volume II. 

Round billets for piercing cannot safely be pushed through a fur¬ 
nace; the inclination of the hearth is so selected that newly charged 
cold rounds will almost roll down by gravity. Tubes present the same 
problem. 

Hearths up to 100 feet long are in use for heating thick stock. For 
billets 2 in. thick, hearth lengths up to about 50 ft are in use. For 
drop forging, shorter hearths are commonly used. 

Plates are not pushed through furnaces, but are heated either in 
furnaces of the batch-type in continuous furnaces of the rotating 
hearth, walking beam, or roller hearth type. Plates are usually heated 
for annealing, bending, flanging, or similar operations, but because 
they are seldom heated to high temperatures, the continuous-conveyor 
types are preferred, as illustrated in Volume II. In annealing of plates 
the capacity of such furnaces is low, ranging between 18 and 25 lb 
per (sq ft, hr). If the plates are heated for bending or flanging, the 
furnace temperature is somewhat higher and the heating capacity is 
greater, up to 50 lb per (sq ft, hr). 

(f) Capacity of Continuous Furnaces from Practice. The nu¬ 
merical values for the capacity of steel-heating furnaces are based 
upon uninterrupted operation throughout the work-week. Delays in 
the mill or in the forge shop reduce the weight of steel heated in the 
furnace, but do not reduce the heating capacity of the furnace. 

Figure 71 furnishes information on the rates at which heat is trans¬ 
mitted to the exposed steel surface in continuous furnaces. Curves 
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Fig. 71. Overall rate of heat transfer for continuous steel-heating furnaces. 

These average values for the rate are taken from practice and apply to the 
following conditions: 

Curve 1. Billet or slab heating from top only, one zone, endfired. 

2. Billet or slab heating, top and bottom, three zones. 

3. Axial heating, high temperature, at recommended rates, fired full 
length of furnace. 

4. Axial heating, high temperature, ultimate rates, fired full length of 
furnace. 

Thickness of gas blanket s = 2^^ ft. For definition of ratio R, see p. 100. 
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1 and 2 are for pusher-type furnaces, and curves 3 and 4 are for 
axial-type continuous furnaces, described in the next section. In each 
instance, the relations shown are based on the total exposed steel area, 
including the soaking zone of the furnace. R is the ratio of exposed 
surface of the stock to total refractory area, including the not covered 
part of the hearth. Thickness of the gas blanket equals about 2% feet. 
Ratio R is seldom less than 0.3, except when short pieces must be 
heated in a wide furnace. In that case, the heating capacity of the 
furnace is not utilized. 

As previously mentioned, the rates shown in Fig. 71 may be, and 
have been, increased by changes from conventional design, or by 
heavier firing rates, at the expense of increased maintenance. 


3. AXIAL CONTINUOUS FURNACES 
FOR TEMPERATURES ABOVE 2000 F 

Certain hot forming processes, such as the piercing of tube rounds, 
rolling strip in planetary mills, and continuous butt welding of tubes, 
are facilitated by heating the stock while it travels axially through the 
furnace. In spite of the moderate speeds of the processing equipment, 
axial continuous furnaces are long; hence, the desire to shorten them 
by the greatest possible transfer of heat. 




Radiant 



Fig. 72. Axial heating furnace, barrel type. 

In the heating of billets, slabs, or strip to high temperatures, furnaces 
of two kinds are in use. They are diagrammatically illustrated by 
Figs. 72 and 73. The traveling stock does not rest on the hearth; 
hence, the term, lb per (sq ft of hearth, hr) is both imaginary and 
arbitrary. In spite of this fact, the width of the furnace is often con¬ 
sidered to be the width of the imaginary hearth. 
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Axial High-Temperature Furnaces 

Furnaces of the type illustrated in Fig. 72 come close to the ideal 
type for which Table 5, Chapter 2, was calculated, because heat ifij 
radiated equally to all parts of a single piece. The transfer coefficients 
of Table 5 may, therefore, be applied with little or no reduction. The 
heating time is calculated by the logarithmic equation 9. 




Fig. 73. Axial heating furnace with internal rollers. 

The required length of the furnace equals heating time times velocity 
of stock. The heating time for Fig. 72 is calculated in steps for great¬ 
est accuracy because the furnace is built up of individual barrels. The 
traveling stock is supported by rollers between barrels, away from the 
heat of the furnace. The barrels must be short enough to prevent 
sagging of the hot stock, particularly at the leading end of the stock. 
Between adjacent barrels, the stock loses heat. This fact should be 
considered in the calculation but, because of the short space between 
successive barrels, it is seldom considered in practice. Heat is im¬ 
parted to the stock at a high rate, to shorten the furnace, which in 
some cases exceeds 100 ft in length. The larger the inside circumfer¬ 
ence of each barrel in relation to the dimensions of the stock, the 
higher is the coefficient of heat transfer, and ratio R is purposely low 
in this type of furnace. If the traveling stock is thick, the last zone 
carries a lower temperature for the sake of temperature equalization 
within the stock. 

In furnaces of the type illustrated in Fig. 73, water-cooled rollers 
absorb much heat, and for that reason, underfiring must be greater 
than top firing. In furnaces of the type shown in this figure, slabs 
2^ in. thick are being heated at the rate of 330 lb per (sq ft, hr) 
of upper surface. If referred to both top and bottom surface, the rate 
is 165 lb per (sq ft, hr). The products of combustion must be dis¬ 
charged at very high temperatures at intervals along the length of the 
furnace. The fuel economy is very poor, as explained in the next 
chapter, and recuperators are frequently used. 

If, in axial heating, the stock is a continuous bar or strip, fewer 
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supports are required, because there are no free ends which can bend 
down and catch on supports that are spaced far apart. The reduced 
number of supports absorb less heat. Figure 74 illustrates this type 
of furnace for heating skelp for the continuous butt welding of pipe. 

For this process, temperature uniformity in the strip is no object. 
The purpose is to heat the edges of the strip to white-hot (dripping) 
temperature to produce a sound weld. 


4. CONTINUOUS FURNACES FOR HEAT 

TREATMENT OF STEEL (1200 TO 1600 F) 

The specific heating capacity of these furnaces is smaller than the 
heating capacity of furnaces that serve for forging or rolling steel, 
because the temperatures are lower and the requirements for uni¬ 
formity of temperature are greater. Uniformity of temperature re¬ 
quires slow heating, particularly of heavy pieces. For that reason, 
heat-treating furnaces are fired from the sides, usually in several zones 
for better temperature control than can be obtained with front firing. 
Pieces in the charge have, in many cases, been rough-machined, with 
the result that their emissivity is low. Furthermore, metallurgical 
specifications frequently require time for holding at temperature and 
for slow cooling. Strictly speaking, these last two periods are not part 
of the heating capacity of a furnace. If they were, the same furnace 
would have different heating capacities. 

Few pieces to be heat-treated lend themselves to being pushed 
through a furnace. Large pieces are moved through the furnace by 
walking beams or rotary hearths, while smaller pieces are usually 
carried on shoes or trays that are moved by special conveyors, as 
described and illustrated in Volume II. In the calculation of heating 
capacity, the weight of trays or conveyors must be taken into con¬ 
sideration. 

If the charge is to be heated to temperatures of about 1400 F or 
less, heating by forced convection is preferred, as explained below. 

Because heat-treating furnaces are fired from the sides, either above 
or below the heating stock or both, and because they have an almost 
constant temperature of products of combustion along the travel of the 
heating stock, the heating time can be calculated by the methods ex¬ 
plained in Chapter 3. Near the entrance of the cold charge the rate of 
heating may be high, but from the point where the surface of the stock 
has approached the final temperature, firing must be reduced. 

Many heat-treating furnaces are filled with protective gas atmos- 
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Longitudinal diagram 

Fig. 74. Diagrammatic arrangement of axial furnace for heating skelp for welded tubing. 
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pheres. In such furnaces, the source of heat is either electric resistors 
or radiant tubes. The capacity of electrically heated furnaces is dis¬ 
cussed in Volume II. The heating capacity of radiant tubes is limited 
by the resistance of the tube material to oxidation and creep. Both 
properties limit the tube temperature and the closeness of tube spacing. 
Overheating of those parts of the tubes which are adjacent to the wall 
is avoided if the tubes are spaced at a minimum of two tube diameters 
apart, and if free circulation around the tubes is provided. This 
spacing leaves an open space of one tube diameter between the 
tubes. 

If the charge is free from scale, radiant tubes are placed both above 
and below the charge. As the heating stock travels through the fur¬ 
nace, the stock is exposed to radiation of fluctuating intensity. In 
calculating heating capacity, the radiating capacity of each tube may 
be spread uniformly over one space. 

The safe temperature of the outside of a radiant tube depends upon 
both the material of the tube and the method of support. Tube tem¬ 
peratures up to 1800 F are safe with proper alloys, and higher tem¬ 
peratures are possible with more expensive alloys. Tubes of silicon 
carbide may safely reach a temperature of 2500 F. Spacing of tubes 
less than two diameters between centers shortens the life of the tubes. 
Wide spacing reduces heating capacity. This capacity may be calcu¬ 
lated, if the permissible temperature of the radiant tubes is known. 
Data on resistance to oxidation and creeps are given in Chapter 6. 

If radiant tubes are located above the charge, heat transfer by 
convection is small. Convection heat from tubes that lie under the 
charge is somewhat greater, but is also quite limited because of the 
small temperature difference between tube and furnace gases. As far 
as the authors know, no test data on convection under furnace condi¬ 
tions are available. Uniformity of heat transfer in such furnaces is 
frequently improved by the use of ^^beater fans” extending through the 
roof, which insure a uniform movement of the furnace atmosphere to 
all parts of the furnace. 

Continuous furnaces of the axial type, such as catenary furnaces, 
are used in heat-treating practice. Their capacity is, of course, much 
lower than the capacity of high-temperature furnaces of the same 
size. Usually, the strip passing continuously through such a furnace 
has a very low emissivity. 

In the consideration of the heating capacity of such continuous 
furnaces, this book is concerned only with the thorough heating of the 
product, and not with the additional time which must be allowed for 
the different metallurgical changes which account for wide variations 
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in the overall heat transfer rate from as low as 2 Btu per (sq ft, hr, F) 
to 30 Btu per (sq ft, hr, F) for steel treated f6r different purposes. . 

Referring to Fig. 59 in Chapter 3, curves 3 and 4 for steel and 
curves i, 2, and 5 for non-ferrous metals are applicable to continuous 
furnaces as well as batch-type furnaces. In the heat treating of steel 
the rate of heat transmission to the stock must be low for metallurgical 
reasons. Compared to high-temperature furnaces, heat transmission 
is low as the result of the lower temperatures involved and the neces¬ 
sity for a low temperature gradient between the furnace and the stock. 
For the same temperature range, the rate of heat transmission to 
copper is higher than to bright steel, which, together with the lower 
specific heat and high conductivity of copper accounts for the fact 
that, in the range between 1300 F and 1600 F, copper can be heated 
at twice the rate of bright steel for equivalent results. In the process 
of heating copper for extrusion or other forming, a heating rate of 
100 lb per (sq ft of hearth, hr) is an average value. The emissivities of 
both steel and copper vary with the condition of the surface. 


5, UQUID BATH FURNACES 

The capacity of metal or salt baths for continuous operation differs 
from that of batch-type baths, because the movement of the metal 
through the bath increases the coefficient of heat transfer. J. D. Keller 
developed an empirical equation for galvanizing in a zinc bath: 

k (Btu/sq ft, hr, F) = 80 -f 9V (velocity of stock in ft/min) 

The capacity of the bath also depends upon the purpose for which 
the heating bath is used. As shown in Fig. 75, the time required to 
heat wire in a metal bath is considerably less when the purpose is to 
coat the wire than it is for metallurgical purposes, where thorough 
heating of the wire is required. 


6. CONTINUOUS FURNACES FOR TEMPERATURES 
BELOW 1400 F 

As explained in Chapter 3, the extremely low intensity of radiation 
at temperatures below 1400 F causes difficulty in maintaining uniform 
temperatures throughout the furnace. This fact has led to the adop¬ 
tion of forced convection in the majority of the furnaces under discus¬ 
sion, as well as in furnaces of the batch-type. The heating capacity 
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Wire diameter or equivalent 

Fig. 75. Time required to heat steel wire or strip in bath of molten metal 
or salt. When heated for coating, the wire or strip is not thoroughly heated. 


may, therefore, be calculated in the same manner, if consideration is 
given to the following differences. 

If the conveying mechanism, including trays or other supports, is 
to be heated, its weight must be included in the weight of the charge. 
To prevent inflow of cold air at the ends of the furnace, a slight furnace 
pressure must be maintained. This requires not only a greater fan 
capacity but also a greater supply of fuel to the combustion chamber. 

If the charge is stacked or hung in bunches, the phrase “pounds 
per square foot of hearth per hour'' loses its significance, and Btu 
transmitted per square foot of charge per hour must be substituted. 
In many furnaces, within the temperature range under discussion, 
heat is derived from radiant tubes. By means of forced convection, 
heat is wiped off the tubes at a greater rate, so that the rating of 
tubes may be maintained the same as in furnaces at higher tempera¬ 
tures without affecting uniformity of temperature in the furnace. 
Many arrangements of radiant tubes are used in relation to recircu¬ 
lating fans, and, because of the great variety of designs, each case 
must be considered and calculated by itself. 
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Examples 

Continuous furnaces for temperatures below 1200 F are always 
equipped with fans for recirculation. This means a practically cop- 
stant furnace temperature. For that reason, heating capacity equals 
that of batch-type furnaces. 


7. EXAMPLES 


Example 1. Steel blooms 8 in. by 8 in. are to be heated in a pusher-type 
furnace to 2200 F—average temperature of blooms. Top heat only. The 
temperature difference between top and bottom of bloom is not to exceed 
100 F. What is the heating time, and the heating rate in lb per (sq ft, hr) ? 

From Fig. 68, the required heating time is about 370 min. From the 
practical rule that heat travels 14 in. in 5 min, the heating time is 320 min. 
Since 8 in. of thickness equals about 320 lb per sq ft of steel-covered surface, 
a heating time of 320 min is equivalent to a heating rate of 60 lb per (sq ft, 
hr). A heating time of 370 min approximates a heating rate of 52 lb per 
(sq ft, hr). If the blooms cover 85 per cent of the hearth area, the heating 
rates are 

0.85 X 60 = 51 and 0.85 x 52 = 44 lb per (sq ft of hearth, hr) 


In this example, the value of R does not matter because the rate of heating 
is determined solely by conduction in the stock. 

Example 2, A single strip of skelp 15% in. wide by 0.39 in. thick passes 
continuously through an axial furnace of the type illustrated in Fig. 74. The 
total effective length of the furnace is 154 ft, and the total refractory area is 
1540 sq ft. The skelp is to be heated from 100 to 2250 F with an average 
temperature of the furnace of 2450 F. Determine the capacity of the furnace. 


Ratio R = 


2 sides X 1.31 ft X 154 ft 
1540 sq ft 


0.26 


By reference to Fig. 50 it can be seen that whenever the furnace tempera¬ 
ture greatly exceeds the final temperature of the stock, the curve of tempera¬ 
ture rise vs. time is practically a straight line, so that the mean of the temper¬ 
ature rise of the stock is one half of the temperature rise. Thus, the mean steel 
temperature in this furnace is 100 + ^(2250 — 100) = 1175 F. 

From Table 5, for a gas temperature of 2450 F, stock temperature of 
1175 F, = 0.26, and s = 2 ft, and for a stock emissivity of 0.9, A; = 44 Btu 
per (sq ft, hr, F). The difference in temperature is 2450 -- 1175 ^ 1275 F, 
and the heat transfer is 44 Btu per (sq ft, hr, F) x 1275 F = 56,000 Btu per 
(sq ft, hr). This value is similar to that given in Fig. 71, curve 3. The heat 
required is 380 — 12 = 368 Btu per lb. 

The heating time is then 


15 .7 lb per sq ft X 368 Btu per lb 
2 sides X 56,000 Btu per (sq ft, hr) 


or 3.1 minutes, and the production is 

20.6 lb per ft X 154 ft 
0.052 hr 


61,000 lb per hr 



108 The Heating Capacity of Continuous Furnaces 


As stated in the text, the center part of the strip is colder than 2200 F, 
whereas the edges reach a higher temperature than 2450 F. 

Example 3. A walking beam furnace 4.3 ft wide by 16 ft long is to heat 
automobile axles from 100 to 1600 F. There will be 60 axles in the furnace 
at any one time; each axle weighs 51 lb and has 1.9 sq ft of surface exposed 
to the heat. Refractory area of the furnace is 280 sq ft. Furnace tempera¬ 
ture is 1650 F, and the furnace is fired from both sides above the axles, with 
circulation of the gases below the axles. Calculate the production and rate 
of heating. 


Ratio R is 


60 axles X 1.9 sq ft 
280 sq ft 


0.41 


From Fig. 52 for stock temperature of 1600 F, R 0.41, and emissivity of 
the stock = 0.6, k = 0.65 x 16 = 10.3 Btu per (sq ft, hr, F). The difference 
in temperature between the furnace and stock is Mi( 1600 — 100) -f 50 ==550 F. 

The rate of heat transfer is 10.3 Btu per (sq ft, hr, F) x 550 F = 5680 Btu 
per (sq ft, hr), w^hich compares closely with the equivalent value in Fig. 59, 
curve 3, for heat treating where R = 0.41. The heat reciuired per pound of 
steel is 265 — 12 = 253 Btu. 

The heating time is 

_51 lb X 253 Btu per lb = i ofi 

1.9 sq ft X 5680 Btu^per (sq ft, hr) * ^ 


The production is 

6 0 axles X 51 lb 
1.2 hr 

The heating rate is 


2550 lb per hr 


2550 lb per hr 
4.3 ft X 16 ft 


37.0 lb per (sq ft of hearth, hr) 


In this example, the total area of each axle is effective, because the alloy 
walking beams jilace the axles on alloy piers at each stcq), with ample circula¬ 
tion and radiation to all parts of the axle. 
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The Fuel Economy 
of Furnaces 


1. GENERAL STATEMENT ON FURNACE 
EFFICIENCY 

The words ^^economy'^ and ‘^eflSciency/^ when used in their true sense 
in connection with industrial furnaces, have reference to the heating 
cost per unit weight of finished, saleable product. ^^Heating cost^^ in¬ 
cludes not only the cost of fuel but also the cost of firing and superin¬ 
tending the furnace, amortization of furnace, the costs of maintenance 
and repair, the cost of generating a protective atmosphere, and the 
cost of burned, spoiled, or otherwise rejected pieces. Furthermore, it 
includes the cost of machining those pieces which, at inspection, are 
found to be defective because of improper heating. Finally, it includes 
the cost of handling the material into and out of the furnace. 

With so many different items entering into the cost of heating, it is 
quite possible that, in some cases, the highest-priced fuel or other 
source of heat energy may be the cheapest in the end, so far as the 
total heating cost is concerned. As a matter of fact, this very condi¬ 
tion exists in many electrically heated furnaces for heat treating. This 
phase of the problem is dealt with in Volume II (section on critical 
comparison of fuels and of furnace types). 

In the heating of some metals, for instance steel, part of the heat is 
furnished by combustion (oxidation) of the charge. The heat of com¬ 
bustion of iron or steel is 2420 to 3240 Btu per lb of iron, depending on 
the kind of oxide formed, with an average of 2850 Btu per lb. If steel 
is heated to 2200 F, from 1 to 4 per cent of the weight of the charge is 
usually lost by scaling (which constitutes the ‘Tumace loss”). In 
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consequence, 57,000 to 230,000 Btu per net ton of steel have their 
origin in the combustion of part of the charge. It will be shown later 
that this is a minor fraction of the heat (or fuel) consumption of a 
furnace; however, this fraction is very expensive, because steel, with 
2850 Btu per lb, costs more than ten times as much per ton as coal, 
with 12,000 to 14,000 Btu per lb. 

In spite of the statements made in the first paragraph of tliis chai)ter, 
we encounter in practice many furnaces in which fuel cost is the out¬ 
standing item of expense and in which fuel economy is worthy of study, 
wholly aside from the other factors making up the sum total of heating 
cost. Moreover, it is necessary to know beforehand the probable fuel 
consumption of a furnace, in order to select the correct size and number 
of burners; to dimension ports, vents, and stack; and to select auxiliary" 
equipment of correct size. 

In the study of the fuel economy of industrial furnaces, the student 
is usually astonished by their low thermal efficiency. AVhereas boiler 
efficiencies range from 60 to 90 per cent, or even slightly higher, furnace 
efficiencies are sometimes as low as 5 per cent in combustion types, and 
not much, if any, higher in electric types, if the thermal efficiency of 
generation of electric energy is included in the figure. 

With favorable conditions, with excellent (and usually expensive) 
design, and with good operation, furnace efficiencies up to 60 per cent, 
or even slightly higher, can be obtained, but such high values are the 
exception rather than the rule. By “efficiency’’ is here meant “fuel 
efficiency,” which is the ratio of the heat input into the stock to the 
potential heat in the fuel, measured in the long run. Tabular data on 
fuel efficiency and fuel consumption are given at the end of this 
chapter. 

One reason for the difference in thermal efficiency between boiler 
furnaces and industrial furnaces is the final temperature of the mate¬ 
rial being heated. Gases can give up heat to the charge only as long 
as they are hotter than the charge. In consecjuence, the flue gases 
must leave industrial furnaces at a very high temperature excei)t for a 
short time after a cold start. On the basis that the products of com¬ 
bustion leave an industrial furnace at a temperature of 50 F in excess 
of that of the charge, two (almost straight! curves have been shown 
in Fig. 76; they indicate the highest possible thermal efficiency of 
industrial furnaces as a function of furnace temperature. In fuelfired 
furnaces, the thermal efficiency cannot be improved, unless expensive 
equipment is installed for utilizing the heat of the outgoing products 
of combustion in some manner. Experience has shown that furnaces 
with expensive heat-salvage equipment must be intelligently and care- 



Ill 


Distribution of Heat in a Furnace 

fully operated if the desired high thermal efficiency is to be maintained; 
and such a method of operation necessitates the employment of wMl- 
paid attendants. 

The curves for maximum possible efficiency, as shown in Fig. 76, 
were calculated for simple furnaces with no preheat of charge, fuel, or 
air. As a rule, the thermal efiiciency of industrial furnaces lies much 
below the values indicated by the ideal curves. The discrepancy is 



Furnoce Temperature. De^Fohr 


Fig. 76. Ideal and actual efficiencies of industrial furnaces of the intermittent 
or batch type. 

particularly noticeable in low-temperature furnaces. The reason for 
this discrepancy lies in the fact that the products of combustion must 
be cooled down before they are allowed to come in contact with the 
charge. Otherwise, the latter will be seriously overheated or burned 
in spots. In this respect the industrial furnace differs from the boiler 
furnace. 

In the boiler furnace, it is quite difficult to overheat the tubes. In 
industrial furnaces, cooling of the products of combustion is often 
accomplished either by excess air, or by contact with cold surfaces, 
or by both methods—either one of which is wasteful. 

2. DISTRIBUTION OF HEAT IN A FURNACE 

For the sake of a clear understanding of the distribution of heat in 
a simple furnace. Fig. 77 should be consulted. Most of the heat is 
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released in the combustion zone at the left and travels from there to 
the right. The passage of heat into the stock, as indicated by arrows 1, 
is desired. But heat also goes elsewhere; some of it passes into the 
furnace walls and some into the hearth, as indicated by arrows 3, 
increasing the temperature of those parts. Another portion of the 
heat is lost to the surroundings by radiation and convection from the 
outer surface of the walls, or by conduction into the ground; see 
arrows 2. Through cracks or other openings, heat radiates away, 4; 



Fig. 77. Flow of heat in a furnace. 


and furnace gases pass out around the door 5, frequently burning in 
the open and carrying off heat. Heat is lost every time a door is 
opened. Then there are special losses, peculiar to certain types of 
furnaces; for example, in furnaces that heat only part of a long piece 
of metal, heat passes out along the metal from the part which is in the 
furnace to the part which is outside, and is there dissipated to the sur¬ 
roundings 6. Radiation from the exposed liquid surface of salt baths 
or lead baths, and conduction of heat through the terminals or elec¬ 
trodes of electric furnaces, are other cases in point. Water cooling of 
skid pipes and of conveyor rollers absorbs large quantities of heat and 
lowers thermal efficiency. If the charge is heated in containers or on 
traveling chains a large part of the heat is dissipated in the open 
by these devices, after they have been brought up to furnace heat. 
Finally, heat passes out with the products of combustion 7, either in 
the form of sensible heat, or as undeveloped heat of combustibles 
escaping unburned (incomplete combustion). 

Fuel economy demands that the fraction of the total heat that passes 
into the stock be as large as is compatible with correct heating. The 
first step toward attainment of this goal requires the solution of two 
problems: first, determination of the heat losses and the methods of 
reducing them; second, determination of the quantity of fuel or of 
electric energy that is required for heating a given amount of metal to 
a given temperature in a given furnace. In conformity with this plan, 
the heat losses are now taken up in order. 
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3. HEAT LOST FROM FURNACE WALLS 
(WALL LOSS) 

The heat lost from the outside of furnace walls is one of the salient 
features affecting the economy of furnaces and must be discussed at 
length. The wall loss during continued, uninterrupted operation of a 
furnace differs from the wall loss of the same furnace if the latter is 
operated intermittently. The wall loss during continuous operation is 
discussed first. 



Fig. 78. Temperature gradient for steady flow of heat through a furnace wall, 
with equal pressure on both sides of the wall. 


(a) Wall Loss during Steady Operation. For steady flow of heat 
through a wall, the conditions indicated in Fig. 78 are used. The tem¬ 
perature of the products of combustion exceeds the temperature of the 
interior surface of the wall. The temperature of the products of com¬ 
bustion is very seldom known, because of the difficulties encountered 
in measuring the temperature of gases. The temperature of the inner 
face of the wall can be measured more easily and is, as a rule, known. 
The temperature of the wall drops steadily toward its outer surface, 
at which place the temperature exceeds that of the surrounding air. 
The heat loss for a given extent of wall and for a given furnace tem¬ 
perature becomes less if the wall is made thicker, or if the wall is made 
of a better insulator, or if the outer wall surface is of such a character 
that it does not readily give up its heat to the surrounding media. 
Mathematically these relations are expressed by the equation 


e- 


C(Ti - To) 

3 


= HTo - 


Ta) 


(13) 
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where Q = the heat transmitted in Btu per (sq ft, hr) 

Toy Tay T^ = temperatures (see Fig. 78) 

C = conductivity of material of wall, Btu per (ft, hr, F) 
k = coefficient of heat dissipation from outer surface of 
wall, Btu per (sq ft, hr, F) 
s = thickness of wall, feet 

The unknown quantities in this double equation are Q and To. They 
can be found if all the other quantities are known. Unfortunately for 
simplicity of calculation, neither k nor C is constant; they vary ac¬ 
cording to several circumstances. 

The coefficient k varies with the temperature of the outside wall, 
with its location (whether horizontal or vertical), also with its physical 
condition, and probably with its size. This coefficient is not a true 
coefficient of heat transfer; it is a pseudocoefficient, for this reason: 
The heat is dissipated from the walls both by radiation and by con¬ 
vection. No true coefficient can correctly take care of a composite 
function. 

Although different materials have different radiating power (emis- 
sivity), it is fortunate that there is very little difference in the co¬ 
efficient of dissipation for the different kinds of surface commonly 
found on the outside of furnace walls. For that reason, the values 
of Fig. 79 arc acceptable for calculating purposes. The coefficients 
of Fig. 79 are sufficiently accurate for brick surfaces and for steel 
surfaces. 

The emissivity of walls that were coated with aluminum paint 
is lower than the emissivity of bricks. For newly painted surfaces 
e = 0.20. An average value for design purposes is c = 0.28. The co¬ 
efficient for radiation plus convection from aluminum-painted walls 
was also drawn in Fig. 79. 

For calculation purposes, it is sometimes convenient to express the 
heat loss as total quantity of heat transmitted per unit area, in a given 
time, for different surface temperatures and for an average tempera¬ 
ture of surroundings. Figure 80 gives such values for rough brick 
surfaces and for walls that are coated with aluminum paint, and for 
100 F temperature of surroundings. The values were calculated from 
the equation 

Q = fc - (5.6)^] + 0.28 {To - 100)^'* 

= Btu per (sq ft, hr) (14) 
For rough vertical surfaces, k = 0.155. For medium-old aluminum 
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Fig. 79. Coefficients of heat dissipation for different conditions in still air. 
Numbers on curves denote temperatures of surrounding air. 


paint, k = 0.05. Air circulation (draft) increases the convection co¬ 
efficient 0.28. 

Figure 80 may give the erroneous impression that much heat is con¬ 
served by coating the cold face with aluminum paint. Actually, the 
saving of heat is much smaller than is indicated by the illustration. 
Heat does not readily leave shiny surfaces. In consequence To is 
higher for shiny surfaces than it is for rough surfaces. For an example, 
see below. 

Coefficients C of conductivity of refractories likewise increase with 
temperature, but not nearly as rapidly as the coefficient of heat dissi¬ 
pation. From available test data, the curves of Fig. 81 were selected 
as average values. Insulating brick selected for the calculation is of 
the 2000 F type. (See Fig. 358 for other insulations.) 

With the values of fc contained in Fig. 79 and those for C in Fig. 81, 
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equation 13 can be solved for heat loss Q and outside wall temperature 
Toy the only difficulty being that each case can be solved only by a 
series of approximations. Values must be assumed for C and fc, so 
that To may be computed. If the result shows that the value used for 



Fig. 80. Heat losses from rough vertical plane surfaces, with and without 
aluminum paint. 

k is different from the one belonging to To, or that the value of C which 
has been used is different from the one belonging to the average bet- 
tween T, and To, then new values must be selected for C and fc and the 
calculation must be repeated. Although this guessing at the proper 
values of C and k is very troublesome in making a single calculation, 
it becomes less difficult after a large number of calculations have been 
made. In selecting the conductivity C, an average value is used be- 
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Fig, 81. Average conductivity of refractory materials (see also Figs. 357 and 
358). 

face temperatures, for given hot-face temperatures and wall thick¬ 
nesses. Before the calculation of such curves is discussed, the method 
of computing Q and To for a composite wall should be explained. The 
space-temperature diagram for such a wall assumes the shape indi¬ 
cated in Fig. 82, and the equation of heat flow takes the form: 

<2 = — (T. - n) = — (T„ - To) = k{To - To) (15) 
«1 82 

This triple equation is solved in the following manner: 

= Ti- n 


= n - r. 


f=To-To 
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Q = 


Ti - r„ 

«1 ■ S2 . 1 

Cl Cz ib 


An example will illustrate the use of this equation. 


( 16 ) 



Tj - Tj Sj Conductivity of insulation 
T^- 7J, ” S 2 ^ Conductivity of firebrick 


Fig. 82. Temperature gradient for steady flow of heat through a composite 
wall, with equal pressure on both sides of the wall. 


Example. Let it be required to compute the amount of heat transferred 
in one hour through a furnace wall made up of 9 in. of firebrick and in. of 
IR-20 (2000 F) insulating refractory bricks. The temperature of the inner 
side of the wall = 1800 F; temperature of outer air = 60 F. 

As shown in Fig. 81, the conductivity of firebrick and, in fact, of almost all 
refractory materials grows with temperature. A first estimate of the probable 
temperature must, therefore, be made, and the actual heat transfer must 
be computed with the values of heat conductivity applying to the estimated 
temperature range. 

For the first trial take temperature = 1310 F. From Fig. 81, average 
conductivity of firebrick for the range from 1310 to 1800 F (average = 1555 F) 
is 9.0 Btu per (sq ft, hr, F) and 1 in. of thickness. Take = 250 F; then 
average conductivitj" of IR-20 insulating bricks for the range 250 to 1310 F 
is 1.10. Substitution of numerical values and of 2.6 from Fig. 79 in equation 
16 furnishes 


1800 - 60 


9 


1 


9.0 ^ 1.1 ^ 2.6 


1740 

1.0 + 2.28 -f- 0.38 


= 476 Btu per (sq ft, hr) 
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For a check on the correctness of the assumed temperature range, To and Th 
must be calculated from equation 15. From Q ^ k {To — Ta) follows 

r. = + I = ^ + 60 = 243 F 

Similarly, Ti = Ti-^ = 1324F. 


The calculated temperatures differ slightly from the assumed temperatures. 
The difference is, however, so small that a recalculation would furnish prac¬ 
tically the same value as the first calculation. In view of the uncertainty of 
the values for thermal conductivity, a recalculation is not necessary. 

Effects of Aluminum Paint. The foregoing example was calculated for a 
rough outside wall surface, with the value of k taken from Fig. 79. If the 
surface is coated with aluminum paint, a different value of k will apply, and 
since the aluminum paint (by reducing radiation) is an insulator, the tempera¬ 
tures of both the outside surface and the interface between firebrick and 
insulation can be expected to be greater than with the rough surface. After 
several trial calculations we judge that the outside temperature is 330 F and 
that the interface temperature is 1320 F. 

The average conductivity of firebrick for an average temperature of 1560 F 
is 9.1 Btu per (sq ft, hr, F) and 1 in. of thickness; and of the insulation for 
an average temperature of 825 F, it is 1.18. From equation 14 for 60 F air 
temperature and with a factor of 0.05 for aluminum paint 

330 - 60 

= 1.72 Btu per (sq ft, hr, F) 

By substitution of these values in equation 16, Q = 472 Btu per (sq ft, hr). 
To check the assumed temperatures, 

472 

T, = + 60 = 335 F and n = 1800 - 472 X 0.99 = 1332 F 

1,7A 


The effect of aluminum paint on heat passing through the wall is surpris¬ 
ingly small. The shiny surface of the cold face, by radiating less heat, for a 
given temperature, acts as an insulator and raises the temperatures of the 
firebrick and of the insulating refractory. The thermal conductivity of both 
refractories rises with temperature, with the result that almost as much heat 
escapes through the shiny wall as through the dull wall. However, the paint 
reduces gas-leakage through the wall. 


The method of first assuming temperatures, then calculating heat 
flow, and thereafter checking for correctness of assumed temperatures 
is a tedious process. There is no reason why this calculation should 
be repeated time and time again. It is preferable to calculate the wall 
losses once for all and to lay them down in tabular or graphical form. 
A method of calculating wall losses is explained in the following 
paragraphs. 
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For each inside surface temperature and each wall thickness, a curve 
is plotted, showing heat conducted through the wall for various outside 
temperatures of wall surface. The abscissae are quantities of heat 
transmitted through unit area in unit time: the ordinates are tempera¬ 
tures. In Fig. 83, such curves are shown for an inside temperature of 
2600 F, and four different thicknesses of firebrick wall. If, as another 



thickness 

Fig. 83. Graphical method of calculating heat losses through homogeneous 
walls. 

example, a set of curves is to be drawn for 1800 F inside wall tempera¬ 
ture, then the heat flow for a 9-in. wall with 600 F temperature of 
outer surface is calculated as follows: Average temperature = %(I800 
+ 600) 1200 F; average conductivity = 8.3; and rate of heat flow 

8 3 

= — (1800 — 600) = 1108 Btu per (sq ft, hr). Although a different 
9 

conductivity must be used for each point along a curve, the curves are 
comparatively simple to calculate, because the abscissae are inversely 
proportional to the wall thickness. Thus, the abscissae for the 4%-in. 
wall are twice those for the 9-in. wall. On the same curve sheet is 
plotted the curve showing heat emitted per square foot of outside sur¬ 
face and per hour, as a function of outside temperature of wall (see 
also Fig. 80). It is evident that the intersections of this curve with 
the curves of heat flow through the brick furnish values of heat loss 
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and of outside wall temperature. It may be repeated that a different 
set of curves must be calculated for each inside temperature of wajl. 
However, four or five sets of curves furnish enough points to cover the 
whole field of industrial furnaces. 



Fig. 84. Graphical method of calculating heat losses through composite walls. 


The graphical method of Fig. 84, for composite walls, requires the 
use of transparent paper or tracing cloth for plotting the curves. 
Curve 1 (for the firebrick) and curve 3 (heat emission from surface) 
are both plotted on the same curve sheet. Curve 2 (for the insulating 
material) is plotted, in a reverse direction, on a separate, transparent 
sheet which can be moved on the other sheet. Curve 2 is moved to 
right or left, but horizontal temperature lines on upper curve sheet 
must always coincide with the corresponding ones on the lower sheet. 
Curve 2 is adjusted so that the vertical line from 4 and the horizontal 
from 5 will intersect at 6 on curve 3. Abscissa 5-6 represents the heat 
loss, and points 4 and 6 represent temperature of outer brick surface 
and of outer surface of insulating material, respectively. 

By these methods, the curve sheets. Figs. 85 and 86, were computed 
and plotted. The former shows temperatures of the outside wall sur¬ 
face as a function of furnace temperature and wall thickness, whereas 
the latter gives the heat loss per square foot and hour as a function 
of the same independent variable. 

Figures 85 and 86 were plotted for dense firebrick. Some walls of 
industrial furnaces are built of dense firebrick which is used entirely 
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inside wall temperature, F 


Fig. 85. Temperature relation of faces of furnace walls (for atmospheric pres¬ 
sure in furnace). Insulation is 2000 F insulating firebrick fIR-20); block is cal¬ 
cined diatomaceous silica (Super X or equivalent). 

for furnaces of several other types. Many furnace walls are now made 
of rammed fireclay. The heat loss of walls made of rammed fireclay 
is lower than the heat loss shown in Fig. 86, because the thermal con¬ 
ductivity of plastic clay is, after drying and burning in place, about 
60 per cent of the conductivity of dense firebrick. The lower con- 
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1200 1400 1600 1800 2000 2200 2400 2600 

Inside wall temperature, (for atmospheric pressure in furnace) 


Fig. 86. Heat losses through furnace walls (for atmospheric pressure in fur¬ 
nace). In practice, losses may be increased as much as 30% over these values. 
Insulation is 2000 F insulating firebrick (IR-20); block is calcined diatomaceous 
silica (Super X or equivalent). 

ductivity does not bring about a corresponding reduction pf wall loss, 
because the plastic is rammed into spaces between anchors of dense 
firebrick. Roughly, firebrick walls of thickness ^*one'’ and rammed 
walls of thickness 0.7 have equal heat loss. 
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The majority of industrial furnaces are constructed of insulating 
refractories. For that reason, Fig. 87 was computed. 

In order to make the illustration easily read, only three types of 
insulating refractories (IR-20, IR-23, and IR-28) were used in plotting 



Temperature of hot face 

Fig. 87. Heat losses through furnace walls of lightweight firebrick. 

IR = Insulating refractory brick. 

Numbers 20, 23, and 28 indicate maximum recommended temperature, 
Block == calcined diatomaccous silica (Super X or equivalent). 


deg F 
100 


the curves. For data on thermal conductivity of other insulating 
refractories Fig. 358 may be consulted. 

It must be understood that the charts for wall loss are based on 
equal pressures on both sides of the walls. If the pressures differ, 
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gaseous fluid flows, leaks, or seeps toward the region of lower pressure. 
Notable pressure difference exists in roofs and sidewalls of tall fur¬ 
naces, in regenerators, uptakes, and stacks. For a given pressure 
difference and a given thickness of wall, the flow depends mainly on 
the width and the number of the joints between the bricks. 

Tests on permeability (gas-passability) were made on silica bricks 
in Germany.* Bansen found that for equal conditions of brick thick¬ 
ness and pressure difference, leakage was in softie cases 20 times greater 
than in others. Veit established the equation 

^ ^ V - Area of ref. (sq ft) X Pressure diff. (in. water) 

Leakage (cu ft/hr) = / X- Brick thickness (in ) - 

The leakage is referred to 60 F. For bricks and tiles without joints, 
/ was found to be 70. Coating the bricks (probably with sodium sili¬ 
cate) reduced the permeability. For brickwork consisting of 90 per 
cent brick area and 10 per cent mortar-filled joints, / rose to 3600. 

The introduction of insulating refractories brought up the problem: 
How does their permeability compare to the permeability of dense 
bricks? The answer was furnished by tests made at the National 
Bureau of Standards.f For various brands of dense firebrick, the 
factor / was found to lie between 2.4 and 19; whereas, for insulating 
refractories, / was found to lie between 200 and 550. The joints be¬ 
tween adjacent bricks introduce an unknown multiplier. 

So far as fuel economy is concerned, seepage of gas through walls 
is of little importance, if the brickwork has been laid with care and 
if the bricks are flat and square. An example will illustrate this 
statement. 

In the heating of steel to 2200 F, a rate of heating 60 lb of steel 
per square foot of hearth times hour is common, and so is a heat con¬ 
sumption of 3,000,000/2000 == 1500 Btu per lb of heated steel. With 
natural gas, the combustion of 1.5 cu ft releases that quantity of 
heat. Since 1 cu ft of natural gas produces 10 cu ft of products of 
combustion, the flow of gases (cold measure) per square foot of 
hearth equals 60 X 15 = 900 cu ft per hr. Let the leaking wall 
area (sidewalls and roof) equal three times the hearth area and let 

H. Bansen, “Gasdurchlassigkoit van Silikasteincn, Mdrtelfugen und Mauer- 
werk in Siemens-Martinofen,” Archiv fur das Eiscnhiittenwesen, 1927-1928, pages 
687 to 692. 

P. Veit, “Untersuchungen iiber den Weg der Beoheizungsgase in Koksofen, 
Stahl and Eisen, 1953, pages 798 to 799. 

t Massengale, Mong, and Hendle, Journal of the American Ceramic Society, 
1953, page 274. 
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the average furnace pressure equal 0.025 in. of water. With a rather 
high factor of / == 2700, the leakage through a 13%-in. wall equals 

^199 2 ^ . I = 15 pej. }jj.^ which is less than 2 per cent of the 

total gas flow. 

Gas leakage increases the wall loss, but it would be wrong to add 
the wall loss by leakage to the wall loss by conduction, expressed in 
Figs. 86 and 87, because leakage increases the temperature of the cold 
face of the wall and thus reduces heat flow by conduction. 

Although the permeability of well-built walls does not seriously 
affect heat economy, several facts should be mentioned. Figures 86 
and 87 were computed for average bricks in gastight walls. But not 
only does the thermal conductivity of bricks vary, but gas leakage 
exists. Repeated heating and cooling of a furnace loosens the bond 
between bricks, causes cracks and produces spalling. In consequence, 
furnace engineers increase the values of Figs. 86 and 87 as much as 
20 per cent. 

Heat loss by conduction and leakage is greatly reduced by enclosing 
the furnace in a steel jacket. This practice is common on vertical 
walls and on the roofs of furnaces which carry protective atmospheres. 
The roofs of high-temperature furnaces are covered with about 1 in. 
of fibrous cement or by a glassy foam. Both materials are claimed 
to be impervious. 

The charts for flow of heat through furnace walls were calculated 
for walls of infinite extent, with area of hot face equal to area of cold 
face. A simple way of taking care of the difference in areas is to 
figure with an area midway between hot face and cold face. In view 
of the uncertainties of physical values, such as thermal conductivity, 
emissivity, and permeability, the method of using an intermediate 
area is sufficiently accurate for the majority of practical cases. In 
very small furnaces, the ratio of outer to inner area is so great that 
^'edges^ effect” is noticeable. The effect of edges is illustrated by 
Fig. 88, which is due to Langmuir.* The illustration shows isothermals 
and lines of heat flow. The isothermals near the inner wall surface 
lie closer together as the corner is approached. This means that the 
temperature gradient is greater near and at the corner and that the 
rate of heat flow is also greater. This additional heat loss can be 
accounted for by taking the equivalent heat-transmitting area to be 
larger than the average between cold face and hot face. This situa¬ 
tion is encountered in small, thick-walled furnaces. With small fur¬ 
naces, experimentation is less expensive than calculations. 

♦ Transactions American Electrochemical Society, 1913, page 53. 
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Figures 86 and 87 may be used for roofs, with an accuracy that is 
sufficient for practical purposes. Figure 86 be used for heat flow 
through ventilated hearths, if the latter consist of firebrick. ' 

Non-ventilated hearths, that is to say, hearths resting on the ground 
or on a heavy foundation, are seldom used in large metal-heating fur¬ 
naces that carry high temperatures (2000 F or higher). Solid hearths 



serve in small industrial furnaces and in large furnaces of other types. 
The heat loss through solid hearths is usually less than the loss from 
an equal area of sidewall, but is not as small as has sometimes been 
supposed. A complete discussion of the subject was given by J. D. 
Keller in Transactions American Society of Mechanical Engineers, 
Volume 50, 1928, page 11. 

The isothermals and the lines of heat flow under the hearth are 
shown in Fig. 89. The numbers on the isothermals denote the fraction 
of the total temperature difference between the interior of the furnace 
and the surroundings; thus, for a 2200 F furnace and 60 F room tem¬ 
perature, the isothermal marked 0.9 would correspond to an actual 
temperature of 60 -f 0.9(2200 — 60) = 1986 F. The temperature 
penetrates deepest under the center of the hearth. For furnaces oper¬ 
ated steadily over long periods of time, therefore, in order to protect the 
concrete foundation from being overheated, the brick hearth must be 
made quite thick (30 to 50 per cent of the hearth width). 

The total heat loss is proportional not to the area but to the linear 
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dimension of the hearth (for hearths of the same geometrical shape, 
in which length and depth may be considered as functions of width). 
The loss, after practically steady temperature conditions have been 
reached, is 

Q-S-C-A-{Ti-^Ta)/D (17) 

where Q is the heat flow in Btu per hour through a hearth of area A 
sq ft maintained at temperature T*, when the temperature of the out¬ 
side air is Ta] C is the conductivity of the hearth material, Btu per 



Fig. 89. Heat flow in hearth and foundation. Solid-line curves arc isothernials, 
and numbers on them denote corresponding fraction of total temperature dif¬ 
ference Ti — To. 


(ft, hr, F); D is the diameter or least width of the hearth, in feet; and 
S is a shape factor equal to 4.00 for circular and 4.40 for square 
hearths, and varying for rectangular hearths from the last-named 
value down to 3.73 for very long rectangles. 

The loss per unit area is much greater near the edges than near the 
center; in fact, about one third of the total loss occurs through the 
outer 5 per cent of the width. But it is in just this section that 
the greatest change would be produced by changes in the sidewall 
thickness. The factors just given apply to furnaces having sidewalls 
of thickness equal to one-sixth the least width of hearth. It is esti¬ 
mated that increasing this thickness to one-fourth the hearth width 
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would reduce the total heat loss 5 per cent, whereas decreasing the 
sidewalls to one-eighth the hearth width would increase it 8 to 1^0 
per cent. 

As a rough average figure, the total hearth loss may* be taken as 
75 per cent of the loss from an area of sidewall equal to the hearth 
surface (inside the walls) and of thickness equal to one-sixth the hearth 
width. 

Solid (non-ventilated) hearths are extremely slow in reaching 
steady-state conditions; they continue to absorb heat to a greater 
extent than the sidewalls, for weeks and (in large furnaces) months, 
after lighting up. For further discussion see the paper referred to. 

(b) Wall Losses during Intermittent Operations* The heat 
losses discussed in the preceding section are those incurred during 
steady, uninterrupted operation. In actual practice, operating periods 
(“on'O alternate with idle periods ("'off”). During the off-period, the 
heat stored in the refractories during the on-period is gradually dissi¬ 
pated, mainly by radiation and convection from the cold face. In 
addition, some heat is abstracted by air flowing through the furnace. 
Dissipation of stored heat is a loss, because the lost heat is at least in 
part again imparted to the refractories during the next on-period. 

It is extremely difficult to estimate the heat lost by circulation of 
air through burner openings and around poorly fitting doors. It is, 
however, possible to estimate the loss of stored heat that is caused by 
radiation and convection from the ^‘cold face” while the hot furnace 
is idle. 

Without calculation it is evident that, for short periods of operation 
between long shutdowns, thin walls of insulating refractories are pref¬ 
erable, because but little heat is stored in them. The heat lost by 
dissipation of heat stored in the refractories is determined by both 
the ratio of ^^on” (operating) time to ‘^off” (idle) time, and the length 
of the cycle. If a furnace is operated 24 hr every third day, practically 
all of the heat stored in the refractories is lost. But if the furnace is 
operated 8 hr per day, not all of the heat stored in the refractories is 
dissipated. 

For the purpose of computing the heat that is lost by intermittent 
operation of furnaces, several physical properties of refractories must 
be known. These properties are given in Table 10 and in Fig. 90. 

The exact calculation of the heat loss by intermittent operation is 
troublesome and laborious to such an extent that practice gets along 
without it. For that reason, an approximate method may be welcome. 

Such a method was published by Bradley, Ernst, and Paschkis in 
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TABLE 10 


Kind of Brick 

Average 

Weight, 

pcf 

Specific Heat at 
Temperature T, 
or (Mean 
between 

0 F and T F) 

Volume Specific 
Heat = Btu to 
Raise 1 cu ft of 
Brick through 

1 F, Mean 
between 0 F 
and T F 

Diffusivity, 
sq ft per hr 

Fireclay brick 

120-130 

(0.20 + 0.000035 T) 

25 4- 0.0044 T 

0.0204 at 1400 F 

Silica brick 

105-125 

(0.19 + 0.000039 T) 

21 + 0.0043 T 

0.0262 at 1400 F 

Red brick / 

110 soft burned 

\ 0.200 at 500 F 

24 


\ 

130 hard burned 

/ 



Silicon carbide 

130-155 

0.18 at room temp. 


0.233 at 2000 F 

Magnesite 

160-165 

(0.225 + 0.000033 T) 

36.5 + 0.0053 T 

0.0455 at 1400 F 

Sillimanite bricks 

150-156 

0.20 at room temp. 

30.6 


Mullite bricks 

135-180 




Kaolin bricks 

130 

(0.20 + 0.000031 T) 

26 -f 0.0041 T 


Chrome bricks 

180-195 

(0.18 -f 0.000019 T) 

(34 0.0036 T) 

0.023 at 1400 F 

Concrete 


10.156 at 140 Fl 


0.0304 at 400 F 

(tamped, 1:2:5) 

150 

10.219 at 770 Fi 



Diatomaceous bricks 

25-30 

0.18 at 1000 F 

5.0 

0.017 at 700 F 

Calcined diatoma¬ 





ceous bricks 

36-44 

(0.17 + 0.00003 T) 

6.8 + 0.0012 T 

0.0193 at 1000 F 

Lightweight (insulat¬ 





ing) firebricks 

32-55 

Same as fireclay 




T = temperature, F. 



Fig. 90. Heal conlt'iit of 
1 ef ] act oiy materials. 


Transactions American {Society of Mechanical Engineers, February, 
1946. The data, which were obtained at Columbia University by 
analogy between flow of heat and flow of electricity, are based on a 
tight furnace, absence of corner effect, homogeneous wall, constant 
conductivity of refractory material, infinitely rapid heating of furnace 
interior, no boundary resistance, and empty furnace. In spite of these 
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severe limitations, the main chart* developed by the three authors is 
useful. With modifications, the results are hefe reproduced as Fig. flfl. 
The abscissae represent the ratio of operating time over (operating 
time plus idle time). The ordinates represent the ratio (wall loss of 
intermittently operated furnace)/(wall loss of continuously operated 



Ratio* Operating time 

Operating time+dead time 

Fig. 91. Wall loss of intermittently operated furnaces in per cent of wall loss 
of continuously operated furnaces. For meaning of parameter curves see text. 

furnace). The parameters inscribed on the curves denote the fraction: 

Diffusivity of wall material X Length of cycle 
(Wall thickness)^ 

The three coordinates are dimensionless. 

At first thought, the ordinates in Fig. 91 seem to conflict with the 
statement that heat is wasted by intermittent operation. Yet, the indi¬ 
cations of less than 100 per cent are correct. If a furnace is fired for 
20 hr and remains idle for 80 hr, the wall loss certainly is sipaller than 
it would have been, if the furnace had been fired during 20 + 80 hr. 

* In the original, additional information is given on results obtained by modi¬ 
fying some of the limitations. 
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Figure 91 does not furnish any information on the wall loss per ton 
of heated material. A few examples will explain the use of Fig. 91. 


Example 1. A furnace having firebrick walls rSV 2 in. thick is operated 8 hr 
per day of 24 hr. What is the wall loss compared to the loss incurred during 
steady operation? The abscissa is 8/24 = 0.333. The parameter is 


Diffusivity Cycle time 


0.023 X 24 
( 13 }^/ 12)2 


0.44 


The ordinate belonging to these values is 0.70, or 70 per cent of the steady- 
state loss (from Fig. 91) for the cycle duration of 24 hours. 

Example 2. If in example 1, the walls were made of 9-in. refractory insu¬ 
lating brick, what would be the answer? 

A typical insulating refractory for high temiierature has a density of 50 pcf 
and a conductivity of 2.5 Btu in. per (sq ft, hr, F). The specific heat is that 
of firebrick. Then the diffusivity equals 2.57(12 x 0.25 x 50) = 0.17. The 
parameter equals 0.17 x 24/0.75- = 0.72. The corresponding ordinate is 
0.64 or 64 ])er cent. 


As previously mentioned, any information gathered from Fig. 91 is 
only an approximation, not onjy with regard to heat loss from the 
cold face, but also because that illustration takes no account of the 
heat carried off by air flowing through the furnace during the off- 
period, Electrically heated furnaces are built to be airtight, with the 
result that practically no air passes through them in the off-period. 

A problem that is not strictly part of fuel economy concerns the 
question: How long a time is required to heat an empty furnace to 
operating temperature? This problem is briefly mentioned in Chap¬ 
ter 3. Many different factors affect the problem, including the tem¬ 
perature at which the heater judges the furnace to be hot enough; the 
time elapsed since shutdown; thickness and composition of walls, 
capacity of burners for releasing heat. 

Obviously, it is impracticable to take account of all of these vari¬ 
ables. It is, however, feasible to calculate a few simple cases and to 
use the results for estimating purposes in other cases. A simple case 
is heating the hot face of an initially cold (room temperature) furnace 
to 95 per cent of the difference (final wall temperature minus room 
temperature). The results of such calculations are shown in Fig. 92. 
The calculations were made by the Schmidt graphical method. (See 
Appendix 1.) In the illustration, the effects of the type of refractories 
and of the rate of heat flow into the walls are easily recognized. 

In typical operation of industrial furnaces, the refractories lose all 
of their stored heat only during a prolonged shutdown. At the end 
of a short idle period much heat is left in the walls. The residual 
heat may be calculated from Fig. 91. The effect of this residual heat 
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on shortening the heating-up time may be judged by the following 
method, which furnishes a rough approximation. In example 1, thfe 
heat-loss is 70 per cent of the wall loss incurred during steady opera¬ 
tion. In the 8-hr firing period, the wall loss is, of course, 100 per cent 
of the steady-state wall loss, but no heat is abstracted from the heat 
stored in the refractories. If x be the fraction of the wall loss during 



Rate of Heat Input to walls 
B.tu. per sq.ft, hr 


Fig. 92. Calculated time requirement for flash heat. Time for inner surface 
of furnace wall to complete 95 per cent of that temperature rise at which it would 
reach the steady state of temperature. If walls retain some heat from previous 
operation, heating time is reduced. 


the 16 hr of idleness, then 8 X 1 -f 16 j == 24 X 0.7, from which 
X = 0.55. This means that 55 per cent of the heat stored in the refrac¬ 
tories is dissipated from the cold face. It also means that only 55 per 
cent of the heat required for bringing the furnace up to temperature 
from initially stone-cold conditions need be imparted to the refrac¬ 
tories. Because heat is transferred more slowly to a hot surface than 
to a cold surface, the heating-up time in this example is estimated 
to be 60 per cent of the time indicated by Fig. 92. 

Observation of existing furnaces offers opportunity for measuring 
the heating-up time of industrial furnaces. Figure 93 was plotted 
from many observations. The curves refer to initially cold walls and 
are average values. Figures 92 and 93 were plotted with more and 
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also with less than 5000 Btu per (sq ft, hr) heat input into the walls. 
This rate of heat input is considered to be an optimum value. With 
ample capacities of burners, flues, and stack, the time of heating the 
furnace may be shortened, but the gain of time is small. Moreover, 
very rapid heating of the walls destroys refractories by spalling. 

A detailed example on loss of heat caused by intermittent heating 
is given at the end of this Chapter (example 1). 
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Fig. 93. Time required for heating furnace walls, as observed in practice. 


In practice, heating-up times are shorter than indicated by Figs. 92 
and 93, because the walls retain much heat during the usually short 
idle period. The effect of wall thickness is much smaller than indi¬ 
cated by Fig. 92, because the cold air flowing through the furnace 
during the idle period exerts an equalizing effect which is independent 
of the wall thickness. With so many overlapping influences, a close 
theoretical calculation of the heating-up time is almost impossible. 
For that reason, the following rule of experience may be of value. Fur¬ 
naces built of insulating refractories heat up in approximately one-half 
of the time that is required, if the walls are built of dense firebricks. 
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4. HEAT LOST BY RADIATION 
THROUGH OPENINGS 

Having discussed the heat losses indicated by arrows 2 and 3 in 
Fig. 77, we can turn our attention to heat losses by direct radiation 
through openings. These are indicated by arrows 4 of the same illus¬ 
tration. 


Fig. 94. Diagrammatic il¬ 
lustration of heat radiation 
from opening. 



In Fig. 94, let 1-1 be a hole in the furnace wall. Then the eyes 3 
of an observer can see the interior of the furnace, just as if that interior 
were a plane surface, or “diaphragm,” located at 1-1 and having the 
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Fig. 95. Blackbody radiation as a function of temperature (not absolute). 


extent 1-1. If the wall 1-2 were infinitely thin, the diaphragm could 
be seen from any point to the right of 1-1. The problem would then 
be reduced to finding the radiation from a freely exposed diaphragm, 
by the use of equation 6, page 33 or from Fig. 95, which shows the 
blackbody radiation of a square inch, emitted per hour to surround¬ 
ings at a temperature of 100 F. 
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Fig. 96. Radiation through openings of various shapes, as a fraction of the 
radiation from freely exposed surface of same area as cross section of opening. 


The finite thickness of the wall, however, changes matters. It 
obstructs the direct radiation to an extent depending on the ratio of 
the wall thickness to the width of opening. On the other hand, the 
sides of the opening become heated by the radiation that they receive 
and reradiate a portion of this heat to the outside. The reradiation 
partially compensates for the reduction of direct radiation. From cal¬ 
culations and tests by J. D. Keller {Transactions American Society of 
Mechanical Engineers, Iron and Steel Division, December 15, 1933, 
IS-66-fi), the ratio of total radiation to the direct radiation from a 
freely exposed diaphragm has been determined. The values obtained 
by him are given in Fig. 96 for openings of various shapes. 

An example will illustrate the method of calculation. A furnace front is 
bricked up with a 4^^-in. wall, through which an observation opening (peep¬ 
hole) of 2% by 4^^ in. is left open. If the furnace temperature is 2200 F, how 
much heat escapes through the hole by radiation? 

Area of equivalent diaphragm = 2?^in. x 4^4 in. = 11.25 sq in. From Fig. 
95, blackbody radiation from 1 sq in. of surface at 2200 F = 599 Btu per hr. 
Heat loss from freely exposed diaphragm = 599 x 11.25 = 6740 Btu per hr. 

Ratio of least width of opening to thickness of wall, D/X = 2^4in./4% in. = 
0.556. Ratio of sides of rectangle (equivalent diaphragm) *= 4?4/2% *= 1.8. 
In Fig. 96 for D/X = 0.556, interpolating between the curves for the 2:1 
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rectangular opening and the square, the total-radiation factor is found to be 
0.45. The actual radiation through opening theri is 6740 x 0.46 — 3033 Btu 
per hr. 

The factors apply to steady-state temperature conditions, such as 
exist when the aperture is open all the time. In door openings, these 
conditions do not exist. While the door is closed, the sides of the 
opening (that is to say, the door jambs or piers inside the furnace) 
become heated practically to furnace temperature from inside to the 
plane of the door; then, when the door is opened, radiation at first 
is practically equal to that from a fully exposed diaphragm at the 
outside, as 2-2 (Fig. 94) and can be read directly from Fig. 95. As the 
door remains open, however, the sides of the opening cool rather 
quickly, approaching the steady-state temperature distribution and 
the radiation decreases to the values found by the use of Fig. 96. For 
further discussion, see the paper referred to. 

In (high temperature) furnaces with thick walls, semi-openings can 
be observed. Unless the binding is very strong, the bricks in the 
(furnace) interior expand considerably, while the outside layers expand 
very little. Through the gaps thus produced, the inner, red-hot bricks 
are visible. The illusion is thus created that the observer can see the 
furnace interior through the gaps. The inner, red-hot bricks radiate 
considerable heat through the more or less wide cracks. If the tem¬ 
perature of the inner bricks, the width of the gaps, and the thickness 
of the outer bricks are known, the heat lost by radiation through the 
gaps can be computed by Keller's method. 


5. HEAT LOST BY FURNACE GASES 
ESCAPING AROUND DOORS 

The loss of heat that is caused by furnace gases passing out around 
doors, as indicated by arrows 5, in Fig. 77, is particularly hard to esti¬ 
mate. In electric furnaces it is extremely small, unless the doors fit 
poorly. In combustion-type furnaces, some loss due to this cause in¬ 
variably occurs, because such furnaces are operated with a slight 
pressure at the hearth level in the heating chamber. The reason for 
this method of operation is that a slight loss by gases passing outward 
is less detrimental than oxidation (and cooling) caused by infiltration 
of air into the furnace. With tightly fitting doors, the loss need not 
exceed 2 per cent of the total heat delivered to the furnace and aver¬ 
ages 1 per cent as estimated by the authors. With loosely fitting doors, 
and with a fiame or jets of heated gases projected against the doors. 
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it may easily reach 8 per cent, and at times will even exceed that 
amount. 

A distinction must be made between quantity of gases escaping 
around the doors and available heat carried out by these gases. If 
combustion has been completed in the furnace, practically no loss is 
incurred in batch-type furnaces by having gases escape around the 
doors. It makes no difference whether the gases escape around the 
doors or pass out through vents into the stack. If, on the other hand, 
combustion has not been completed, then a heat loss is incurred, be¬ 
cause the gases complete their combustion out in the open instead of 
burning in the furnace. Conditions are different in continuous fur¬ 
naces. If gases (even if completely burned) pass out through the dis¬ 
charge door, a heat loss is incurred, because these same gases would 
otherwise give up heat to the charge and would leave the furnace at a 
lower temperature. 

In a continuous furnace with many trouble doors, A. Brandi {Archiv fur 
das Eisenhuttenwesen, 1932, page 137) found that 26 per cent of the combus¬ 
tion products containing 3.4 per cent CO and 3.3 per cent H 2 , flamed out at 
the doors. The loss caused thereby was 17 per cent. This furnace was over¬ 
loaded, however, and worked with excessive pressure. In most continuous 
furnaces this loss is much smaller. 

The loss in question is especially heavy in large forge furnaces with 
ingots projecting under the door into the open, because large, half-open 
doors cannot be made tight. In such cases it is better to brick up the 
opening around the ingot. Since the loss from escaping furnace gases 
is due partly to the carrying out of sensible heat and partly to carrying 
out of unconsumed combustible matter, the loss may be counted as part 
of the flue-gas loss (see arrows 7, Fig. 77). 


6. SPECIAL LOSSES 

(a) Heat Loss Due to Part of the Stock Projecting out of the 
Furnace. By reference to Fig. 77, it may be noticed that the next heat 
loss, in the order given in that illustration, is the loss due to dissipa¬ 
tion of heat from metal projecting from the inside of the furnace into 
the open (Fig. 97). Throughout the heating period, heat flows from 
the part that is in the furnace to the part that is outside, and a portion 
of this heat is dissipated from the latter part, by radiation and con¬ 
vection. Any attempt to determine analytically the amount of heat 
thus conducted and dissipated meets with enormous mathematical diffl- 
culties. The differential equations of heat transfer can be written 
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easily enough, but nobody can integrate them, except by introducing 
so many simplifying assumptions that the'result is worthless.*' A 
numerical cut-and-try calculation might be attempted, but it is so 
everlastingly long that it is never used. 

A sufficiently close approximation to the correct solution of the 
problem can be made by investigating the heat flow for the steady 
state, i.e., after the temperatures have become practically constant. 
At that time, just as much heat is dissipated from the cold projection 
as flows into it from the heated portion in the furnace. During the 



Fig. 97. Ingot projecting out of the furnace. 


early part of the heating period, the heat dissipated certainly must be 
less, because the temperatures are lower. By comparison with tests 
and by relatively simple reasoning, a sufficiently close approximation 
can be made to the total quantity of heat lost into and through the 
projecting part. 

Figure 98 illustrates the flow of heat and the temperature distribu¬ 
tion in the projecting stub of an ingot, after conditions of steady flow 
have been reached. The curved lines which, in the main, are horizon¬ 
tal, indicate the direction of the flow of heat; the lines that cross the 
flow lines at right angles are lines of equal temperature. For purposes 
of calculation, the ingot was divided into a number of concentric layers 
of equal area. The flow lines dividing the layers are sketched in ac¬ 
cording to judgment, attention being paid to the temperature distribu¬ 
tion. Each of the concentric layers transmits as much heat as the 
length of the path and the cross-sectional area permit. As the length 
of the path of heat flow increases from flow line 6 to flow line 1, the 

‘‘‘If the variation of temperature across the diameter is neglected, and if the 
heat-transfer coefficient is assumed to be constant all along the length, then an 
analytical solution can be obtained, involving hyperbolic sines and cosines, but 
only for the steady state of temperature. See Ingersoll, Zobel, and Ingersoll, 
“Heat Conduction,” or Grober, “Warmeiibertragung.” 
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temperature gradient drops, and the lowered surface temperature at 
the outcrop 7 of the flow line results in a lowered heat dissipation. 

The calculation of the heat loss through a projecting end is extremely 
tedious, and for that very reason will never be applied in everyday 
engineering practice; a substitute, therefore, will have to be found. 
The following reasoning will provide such a substitute. 



Fig. 98. Heat flow through projecting stub. 


The length of the projecting stub is not a quantity of great influence. 
If the stub is short, the surface is quite hot, but there is not much sur¬ 
face. If the stub is long, there is considerable surface, but its average 
temperature is low. For that reason, it appears permissible to replace 
the stub by an equivalent opening from which heat can radiate without 
obstruction. By comparison with calculations, that equivalent area is 
found to be equal to 15 per cent of the cross section of the ingot or bar 
which projects into the open, for usual rates of heating; or 30 per cent 
when the steady state is reached. If, for instance, a round ingot of 
20-in. diameter is being heated, the loss through the stump can be 
found by taking open-hole radiation through 15 per cent of 314 sq in. 
or 47.2 sq in. The heat loss through radiation is known from Fig. 95. 
If, for instance, the furnace temperature equals 2200 F, then the heat 
loss is 600 Btu per sq in., and 28,500 Btu per hr pass into the project¬ 
ing stub. It makes no difference whether the heat that passes into the 
stub stays there or is dissipated; in either case, it is lost, so far as 
heating the metal in the furnace is concerned. 
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It will easily be recognized that the method which has just been 
described is, at best, only a crude approximation. But it is satisfaic- 
tory, in view of the many uncertainties that surround furnace calcula¬ 
tions, such as variable door openings, unknown wall thicknesses (due 
to burning off or knocking off), and other variables. 

(b) Loss by Conduction of Heat through Terminals or Elec¬ 
trodes. Terminals for resistors of various types are shown in Volume 
II. Although on a smaller scale, the problem is similar to that of 
heat loss through an ingot stub, but with steady temperature condi¬ 
tions. For the air-cooled terminal, the loss by conduction, Btu per 
hour, is approximately* 



where n = number of terminals passing through the furnace walls; 
A = cross-sectional area of terminal, square feet; C = heat conduc¬ 
tivity (see page 266), Btu per (ft, hr, F); I *= length of terminal pass¬ 
ing through wall = thickness of wall, feet; k •= heat-transfer coeflScient 
of outer surface of terminal, Btu per (sq ft, hr, F); D = diameter of 
terminal, feet; Tt ^ temperature of terminal at inside surface of wall, 
degrees Fahrenheit; Ta == temperature of atmosphere, degrees Fahren¬ 
heit. This loss may be increased if the refractory sleeves around the 
terminals passing through the wall are quite loose-fitting, in which case 
heat is radiated through the gap, and hot air flows out carrying heat 
with it, or if the terminal is so small in cross-sectional area that the 
heat developed due to its resistance raises the temperature of the part 
within the wall. 

Usually, the leads connected to the terminal are good heat con¬ 
ductors and also have a large area of heat-dissipating surface. In such 
cases, provided the leads join the terminal relatively close to the 
furnace wall, equation 18 simplifies to 

CA 

Q^n^{T,-Ta) (19) 

where V is length from inside of wall to the junction of lead with ter¬ 
minal. If the terminals are of the water-cooled type, the heat loss is 
much increased, because the intermediate metallic conductor (see illus¬ 
tration in Volume II) must be quite short in order to prevent its over¬ 
heating and quick deterioration. 

♦Grober, “Warmeiibertragung,” pages 22-28. 
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In tall electric furnaces, the loss of heat due to outflow of hot air 
through the annular spaces between the terminals and the sleeves in 
the walls through which they pass may be considerable. The sleeves 
seldom fit closely, and the buoyancy of the column of hot air inside 
causes outward flow at the top, while cold air is drawn in at the bottom. 
Sealing the spaces is difficult on account of the electrical insulating 
requirements. 

(c) Heat Imparted to Watercooled Parts. In metal-heating fur¬ 
naces, skid pipes including supports in continuous furnaces are the 
only water-cooled parts that are exposed to furnace temperature. For 
that reason, they are discussed under fuel economy of continuous 
furnaces. Water-cooled doorframes are not exposed to furnace tem¬ 
perature. 

(d) Loss of Heat to Tongs and Charging Machines. Cold tongs 
absorb heat while in the furnace. Tongs are always cold when they 
enter the furnace, because they are either water-cooled or else have 
been in a water trough. Although the flow of heat into tongs is less 
than the heat that is radiated through the open door, it is by no means 
inconsiderable and must be taken into account if guarantees of fuel 
consumption are made. 

The heat transmitted to the tongs is the product of (1) exposed sur¬ 
face of tongs, square feet, (2) time of sojourn in furnace, hours, and 
(3) radiation factor as read from Fig. 95. 

The time during which the tongs of the charging machine stay in the 
furnace is not a fixed quantity, as may be seen from the following ob¬ 
servation. The charging machine operator had trouble in separating 
two heavy billets, which were leaning against each other in the furnace. 
He kept on trying, until the combination of temperature and force 
had bent the tongs out of shape. The tongs were then taken out of the 
furnace, forged back into shape by a sledge hammer, and dipped in 
water. After that, they were ready for another attempt to remove 
the obstinate billet. 

(e) Loss of Heal from Exposed Surfaces of Lead Baths and 
Salt Baths. In lead-bath furnaces (Volume II), the loss from the 
exposed surface of the liquid metal may far exceed the sum of wall 
losses and useful heat together. Data on radiation constants of molten 
metals are scarce, but for a bright surface of molten lead the emissivity 
is apparently about 35 per cent of blackbody emissivity. If the surface 
is covered with a scum formed by oxidation, the emissivity increases 
to about 63 per cent. The heat loss would then be given by equa- 
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tion 14, but the constant 0.155 would change to 0.06 for a bright molten 
surface and to 0.11 for an oxide-covered surface, while the convection 
factor 0.28 would be increased to about 0.32 (see Appendix, page 458). 
In practice, for instance in wire-patenting baths, the surface loss is 
decreased by covering the surface with a layer of crushed or powdered 
charcoal to a depth of about 1 in. The covering also reduces the loss 
of metal. 

For data on radiation from molten salt baths, see Volume II. 

(f) Losses to Trays, Conveyor Chains, and Rollers. The over¬ 
looking of this item has caused important furnaces to fail to meet the 
capacity and fuel consumption guarantees, with disastrous results to 
the furnace builders who were responsible. 

Trays or other containers usually attain the same temperature as 
the stock, and the amount of heat that they take out of the furnace 
can be computed from their weight and from the heat-content data on 
pages 19-20. Chain conveyor parts, on the contrary, especially if 
thicker than the stock or less freely exposed to heat, do not attain such 
high temperatures as the stock. Judgment is required in estimating 
the amount of heat they carry out of the fiimace. 

Hollow rollers of alloy steel with tapered ends, as described in 
Volume II, transmit but little heat to the outside. The heat loss may 
be foimd from the laws of heat conduction, using the length of the 
cone for the distance the heat travels and using an average annular 
cross section as conducting area. The conductivity of alloy steels 
varies with the temperature. 

In furnaces for heating steel to rolling or forging temperatures, con¬ 
veyor rolls are water-cooled cylinders of mild steel. The heat loss to 
such rollers is computed in the same manner as the heat lost to other 
water-cooled parts. 

7. SENSIBLE HEAT CARRIED OUT OF FURNACE 

BY PRODUCTS OF COMBUSTION 

In combustion-type furnaces, two additional sources of heat loss 
occur, namely, those that were indicated by the arrow 7 in Fig. 77. 
These losses are caused by the heat energy that the products of com¬ 
bustion take out of the furnace, either in potential form in the shape 
of unbumed fuel or in kinetic form in the shape of sensible heat. To 
sensible heat may be added the latent heat of water vapor. 

The chemical composition of the fuel exerts an influence on heat 
loss (stack loss) here under discussion. At low furnace temperatures. 
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such as 1000 F, the stack loss (heat carried out by products of com¬ 
bustion) is affected but little by the nature of the fuel. At higher 
temperatures, such as 2400 F, the difference in fuel economy is marked. 
Figure 76 confirms this statement. The difference is caused by the 
variation in flame temperatures that can be attained by different fuels. 
A measure of this maximum temperature is the adiabatic (ideal, theo¬ 
retical) flame temperature. It is defined as the temperature which is 
reached if the fuel is burned at constant pressure with room-tempera¬ 
ture air and in a heat-tight container. Adiabatic flame temperatures 
for commonly used fuels, computed without regard to permanent dis¬ 
sociation are shown in Figs. 99 to 108. In furnaces the ideal flame 
temperatures are never reached, because heat is radiated away while 
combustion takes place. Nevertheless, a comparison of adiabatic 
flame temperatures is helpful. If a metal were to be heated to the 
adiabatic flame temperature, the fuel consumption would be infinitely 
great and the heating time would be infinitely long. 

Calculation of the stack loss is one of the foremost problems of 
combustion engineering, the solution of which requires tedious and 
tiresome work. This is, without doubt, one of the reasons why guess¬ 
work has been so common in furnace design. 

It is, however, quite possible to put the result of these calculations 
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Fig. 101. Adiabatic flame tempera¬ 
tures of clean producer gas, with air 
preheated to various temperatures. 



Fig. 103. Adiabatic flame tempera¬ 
tures of blast-furnace gas, with air 
preheated to various temperatures. 



Fig. 102. Adiabatic flame tempera¬ 
tures of raw producer gas, gas initially 
at 1000 F; air preheated to various 
temperatures. 



Air Temfi0rature, F 

Fig. 104. Adiabatic flame tempera¬ 
tures of coke-oven gas, with air pre¬ 
heated to various temperatures. 
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Fig. 105. Adiabatic flame tempera-» Fig. 106. Adiabatic flame tempera¬ 
tures of fuel oil 6, with air preheated tures of fuel oil 2 , with air preheated 
to various temperatures. to various temperatures. 



Fig. 107. Adiabatic flame tempera- Fig. 108. Adiabatic flame tempera¬ 
tures of raw coal tar, with air pre- tures of coal, with air preheated to 

heated to various temperatures. various temperatures. 


















Senaible Heat Carried Out of Furnace 


147 



Fig. 109. Heat in products of combustion of high-grade bituminous coal. 


Ultimate analysis of coal: 


Air required for perfect combustion = 


c 

79.86% 

10.8 lb or 141.5 cu ft per lb of coal. 

H 

5.02 

Gaseous products of perfect combustion: 

0 

4.27 

Lb per lb of coal 

N 

1.86 

CO 2 2.953 

S 

1.18 

H 2 O 0.452 

Ash 

7.81 

N 2 8318 


100.00% 

Total 11.723 

Specific gravity of gaseous products 


referred to air as unity = 1.042. 


Curve A does not include latent heat of water vapor. Use lower heating value 
or, if higher heating value is used, add 430 Btu to sensible heat content. 

If no hydrogen is present in the complete analysis of the flue gases, multiply 
incomplete combustion loss on scale at right by 51 per cent. 


into graphical form, once for all, and to use the charts afterwards 
with but little trouble, without loss of time, and with but few chances 
for errors. To this end, the heat content of the flue gases is plotted 
against their temperature, as indicated in Fig. 109 and the figures 
that follow. The A curve in those illustrations furnishes the sensible 
heat content (above 60 F) in the products of perfect combustion 
(without excess air) of unit quantity of fuel, that unit depending on 
the form of fuel. It does not include the latent heat of the water 
vapor. For this reason, the heating value that should be used in 
calculations with the curve is the lower heating value. If the higher 
heating value is used instead, then the latent heat of the water vapor 
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Fig. 110. 


Heat in products of combustion of low-grade bituminous coal. 


Ultimate analysis of coal: Air required for perfect combustion = 


c 

70.00% 

9.53 lb or 125 cu ft per 

lb of coal. 

H 

5.00 

Gaseous products of perfect combustion 

0 

8.00 

Lb per Ib of coal 

N 

2.00 

CO 2 

2.61 

S 

2.00 

H 20 

0.45 

Ash 

13.00 

N 2 

7.34 


100.00% 

Total 

10.40 


Specific gravity of gaseous products 
referred to air as unity = 1.039. 


Curve A does not include latent heat of water vapor. Use lower heating value 
or, if higher heating value is used, add 380 Btu to sensible heat content. 

If no hydrogen is present in a complete analysis of the flue gases, multiply 
incomplete combustion loss on scale at right by 51 per cent. 


(which is the difference between the higher and the lower heating 
value) should be added to the heat content as read from the curve A. 

The B curve, taken by itself, has no direct physical meaning, but it 
is very convenient for purposes of calculation. It represents the heat 
in that quantity of air which is required to burn a unit quantity of fuel, 
plotted as a function of the temperature of that air. If combustion has 
been carried on with excess air, or if air has filtered into the furnace 
after combustion, the flue gases contain excess air. If the amount of 
that excess air is p per cent, the heat in the flue gas per unit quantity 
of fuel, and for a given temperature, is found by taking the ordinate of 
the A curve for the temperature in question and adding to it p per cent 
of the ordinate of the B curve. Examples for the use of the curves will 
be found below. Before these examples are given, several other points 
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Tamperiture, F % Excess ik 

Fig. 111. Heat in products of combustion of light fuel oil. 

Lb of oil per gal = 7.39 Air required for perfect combustion = 

Density, degrees API = 28 14.24 lb per lb of oil, or 1377 cu ft per gal 

Ultimate analysis: (at 60F). 


c 

86.8% 

Products of perfect combustion 

s 

0.7 

Lb per lb of oil 

H 

12.3 

CO 2 "1“ SO 2 

3202 

N + 0 


H 20 

1.100 

Plus ash 

0.2 

N 2 

10.938 


100.0% 

Total 

15240 


Specific gravity of products referred to 
air as unity *= 1.004. 

Curve A does not include latent heat of water vapor. Use lower heating value 
or, if higher heating value is used, add 1155 Btu to sensible heat content. 

If no hydrogen is present in a complete analysis of the flue gases, multiply 
incomplete combustion loss on scale at right by 51 per cent. 

about the heat-content curves must be taken up. An inspection of the 
curves for different fuels reveals the fact that in some of the curve 
sheets a third curve C has been entered. This latter curve shows the 
sensible heat in unit quantity of fuel. In later calculations on furnace 
economy, the C curve will be found very useful for fuels that enter 
the furnace in a preheated state. 

The heat-content curves are strictly correct for those fuels only that 
have the compositions given in connection with the charts. In prac- 
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Temperature, F % excess air 


Fig. 112. Heat in products of combustion of heavy fuel oil. 

Lb of oil per gal — 8.27 Air required for perfect combustion = 

Density, degrees API = 11 13.57 lb per lb of oil, or 1468 cu ft per gal 

Ultimate analysis: (referring to 60F). 


c 

86.8% 

Products of perfect combustion 

H 

10.2 

Lb per lb of oil 

S 

2.0 

CO 2 -f SO 2 

3.228 

N + 0 


H 2 O 

0.911 

Plus ash 

1.0 

N 2 

10.431 


100.0% 

Total 

14.570 


Specific gravity of products referred to 
air as unity = 1.012. 

Curve A does not include latent heat of water vapor. U«!e lower heating value 
or, if higher heating value is used, add 960 Btu to sensible heat content. 

If no hydrogen is present in a complete analysis of the flue gases, multiply 
incomplete combustion loss on scale at right by 51 per cent. 

tice, fuels bearing the same name but having somewhat different com¬ 
positions are encountered. Thus, the composition of natural gas varies 
with the locality of the origin of the gas. The composition of by¬ 
product coke-oven gas varies with the composition of the coking coal, 
the coking time, and the tightness of the ovens. With very few excep¬ 
tions, the deviations are so small that no serious error is introduced 
by using the heat-content curves (Figs. 109 to 121). If many calcu¬ 
lations are to be made for a widely different fuel, such as, for instance, 
refiinery gas, then a new chart can be made by following the method 
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Fig. 113. Heat in products of combustion of coal tar (not topped). 


Lb of tar per gal 9.49 
Specific gravity 1.139 

Flash point 172® F. 

Ultimate analysis: 


c 

86.70% 

H 

6.00 

0 

3.10 

N 

0.15 

S 

0.75 

Ash 

0.10 

Water 

3.20 


100 . 00 % 


Air required for perfect combustion = 
12.052 lb or 158 cu ft per lb of tar. 
Products of perfect combustion: 

Lb per lb of tar 
CO 2 3.180 

H 2 O 0.572 

N 2 9300 

Total 13.052 

Specific gravity of products referred to 

air as unity = 1.034. 


Curve A does not include latent heat of water vapor. Use lower heating value 
or, if higher heating value is used, add 530 Btu to sensible heat content. 

If no hydrogen is present in the complete analysis of the flue gases, multiply 
incomplete combustion loss on scale at right by 51 per cent. 


that is explained in the example given below. The short curves on 
the right of the charts are explained later. 

The method of calculation which forms the basis for the curve sheets, 
Figs. 109 to 121, will now be given for the benefit of those who may 
have occasion to do similar work for a fuel not included in the curve 
sheets of this chapter. 

The calculation is made for the products of combustion of light fuel 
oil (Fig. Ill) and for 2000 F temperature of products of combustion. 
By the usual methods of calculating chemical reactions, the weight 
of oxygen needed for combustion and the weight of nitrogen that 
accompanies the oxygen are found. 
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Fig. 114. Heat in products of combustion of natural gas. 


All volumes are at 60 F and 14.7 
psi abs pressure. 

Density of gas == 0.0486 pcf. 


Analysis of gas by volume: 

CH 4 

87.0% 

C 2 H« 

7.6 

CaHg 

2.7 

C 4 H 10 

OA 

N 2 

1.9 

100 . 0 % 


Air required for perfect combustion = 
0.8037 lb or 10.5 cu ft per cu ft of gas. 
Products of perfect combustion: 

Pcf of gas 
CO 2 0.1318 
H 2 O 0.1005 
N 2 0.6140 

Total ^.8463 

Specific gravity of products referred to 
air as unity = 0.955. 


Curve A does not include latent heat of water vapor. Use lower heating value 
or, if higher heating value is used, add 104 Btu to sensible heat content. 

If no hydrogen is present in a complete analysis of the flue gases, multiply 
incomplete combustion loss on scale at right by 51 per cent. 


The products of combustion of 1 lb of fuel are: 

CO 2 + SO 2 = 3.202 lb 
H 2 O = 1.1001b 

N 2 = 10.938 lb 

The increase of heat contents from zero to 2000 F is either read 
from charts of heat contents or is calculated by use of mean specific 
heats. If neither is available, the mean specific heat may be found by 
analytical or numerical integration over the desired temperature range. 
By analytical integration, the mean specific heats at constant pressure 
are: CO 2 , 0.273; N 2 , 0.271; H 2 O, 0.517; air, 0.265. With these values, 
heat in products of combustion above zero equals 



153 


Sensible Heat Carried Out of Furnace 

(3.202 X 0.273 + 10.938 X 0.271 + 1.100 X 0.517) X 2000 

= 8814 Btu per lb of ftiel. 

From zero to 60 F, the mean specific heats are: CO 2 , 0.205; N 2 ,0.247; 
H 2 O, 0.445; air, 0.242. Heat in products of combustion not condensed 
from 1 lb of fuel between 60 and 2000 F equals 8814 — 230 = 8584 Btu. 
This does not include the latent heat of water vapor. By the use 
of the mean specific heats for air, the heat required to raise the tem¬ 
perature of 14.24 lb of air from M to 2000 F equals 7330 Btu. This 
latter figure furnishes the 2000 F point on the B curve. 

The use of the curves (Figs. 109 to 121) is illustrated by the fol¬ 
lowing example after Fig. 116 on page 154. 



Heat ia products of combustion of by-product coke-oven gas. 


Fig. 115. 

All volumes are at 60 F and 14.7 
psi abs pressure. 

Density of gas (saturated) = 0.0313 
pcf. 

Analysis of gas by volume: 


H 2 

47.3% 

CH 4 

34.2 

CO 

6.9 

C 2 H 4 

2.6 

C 02 

2.2 

02 

0.3 

N 2 

6.0 

H 2 S 

0.6 

100 . 0 % 


Air required for perfect combustion «« 
0.380 lb or 4.97 cu ft per cu ft of gas. 
Products of perfect combustion: 

Pcf of gas 


CO 2 ”f" SO 2 

0.057 

H 2 O 

0.061 

N 2 

0J293 

Total 

0.411 


Specific gravity of products referred to 
air as unity == 0.938. 


Curve A does not include latent heat of water vapor. Use lower heating value 
or, if higher heating value is used, add 61 Btu to sensible heat content. 

If no hydrogen is present in a complete analysis of the flue gases, multiply 
incomplete combustion loss on scale at right by 51 per cent. 
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Fig. 116. Heat in products of combustion of raw producer gas. 


All volumes are at 60 F and 14.7 psi 
abs pressure. 

Density of dry gas = 0.0680 pcf. 
Equivalent density referred to OOF 
of the gas including water vapor = 
0.0668 pcf. 

Analysis of (dry) gas by volume: 


CO 

20.5% 

H2 

12.5 

CH4 

3.0 

C 02 

7J5 

N 2 

56.5 


100.0% 


In addition, each cubic foot of dry 
gas contains 0,000625 lb of tar vapors 
and 0.0030 lb of water vapor. 


Air required for perfect combustion = 
0.0900 lb or 1.178 cu ft per cu ft of dry 

gas. 

Products of perfect combustion: 


Pcf of dry gas 


CO 2 

0.0382 

H 2 O 

0.0124 

N 2 

0.1110 

Total 

0.1616 


Specific gravity of products of com¬ 
bustion referred to air as unity = 1.01. 


Curve A does not include latent heat of water vapor. Use lower heating value 
or, if higher heating value is used, add 9.6 Btu to sensible heat content. 

If no hydrogen is present in a complete analysis of the flue gases, multiply 
incomplete combustion loss on scale at right by 61 per cent. 


Example. Let natural gas and air enter a furnace at atmospheric tempera¬ 
ture; let the combustion take place with 10 per cent excess air; and let the 
products of combustion leave the furnace with a temperature of 2300 F. 
What fraction of the heat of combustion stays in the furnace, and what 
fraction is taken away by the products of combustion? 

In Fig. 114, the heat in the products of perfect combustion is found to be 
675 Btu at 2300 F. The heat in the air is found to be 480 Btu at 2300 F, 
which means that 10 per cent excess air contains 48 Btu. The heat in the 
flue gases = 575 -h 48 = 623 Btu per cu ft of fuel gas. The higher heat value 
of the fuel gas equals 1097 Btu per cu ft; its lower heat value, 993 Btu per 
cu ft. Hence, 623 Btu are carried out as sensible heat in the products of com¬ 
bustion, and 1097 — 993 =» 104 Btu as latent heat in the water vapor pro¬ 
duced. Thus, (623 4- 104)/1097 «« 0.66, or 66 per cent of the total heat, is 
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Fig. 117. Heat in products of combustion of clean producer gas. 


All volumes are at 60 F and 14.7 
psi abs pressure. 

Density of gas ~ 0.0679 pcf. 
Analysis of gas by volume: 


CO 

19.03% 

H 2 

13.48 

CH 4 

2.78 

C 2 H 4 

0.19 

02 

0.02 

C 02 

9.71 

N 2 

54.79 


100.00% 


Air required for perfect combustion = 
0.0814 lb or 1.065 cu ft per cu ft of gas. 
Products of perfect combustion; 

Pcf of gas 


CO 2 

0.0371 

H 20 

0.0092 

N 2 

0.1030 

Total 

0.1493 


Specific gravity of products referred to 
air as unity = 1.020. 


Curve A does not include latent heat of water vapor. Use lower heating value 
or, if higher heating value is used, add 9 Btu to sensible heat content. 

If no hydrogen is present in a complete analysis of the flue gases, multiply 
incomplete combustion loss on scale at right by 51 per cent. 


carried off by the products of combustion, and the rest, namely, 34 per cent, 
is given up in the furnace. 

Under each of the illustrations (Figs. 109 to 121) the composition of the 
products of perfect combustion is given on a weight basis. The following 
calculation, using Fig. 118 as an example, converts the composition to a 
volume basis. The weight constituents are divided by their respective molec¬ 
ular weights, whereby volume parts are obtained. Each volume part is 
divided by the sum of the volume parts and is multiplied by 100, in order to 
obtain the composition in per cents by volume. 

CO 2 0.0792/44 = 0.00180] 

H 2 O 0.0473/18 = 0.00263 [ Volume parts 
N 2 0.2787/28 = 0.00996 J 
Sum 0.01438 

100 X 0.00180/0.01438 = 12.6% CO 2 
100 X 0.00263/0.01438 = 18.3% H 2 O 
100 X 0.00996/0.01438 = 69.2% N 2 
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Temperature, F % Excess air 


Fig. 118. Heat in products of combustion of a representative city gas. 

All volumes are at 60 F and 14.7 
psi abs pressure. 

Density of gas (saturated) = 0 0471 
pcf. 

Analysis of dry gas by volume: 

H2 36.8 % 

CO 23.9 

CH4 17.8 

C 2 H 4 5.34 

C 3 H 6 1.46 

C 4 H 8 0.94 

CeHe 0.86 

CO 2 3.7 

O 2 1.2 

N 2 8.0 

100 . 00 % 

Curve A does not include latent heat of water vapor. Use lower heating value 
or if higher heating value is used, add 46 Btu to sensible heat content. 

if no hydrogen is present in a complete analysis of the flue gases, multiply 
incomplete combustion loss on scale at right by 51 per cent. 

If an Orsat analysis (dry basis) is wanted, COo and N 2 only are added, and 
their sum is called 100 per cent. 


8. HEAT LOSS BY INCOMPLETE COMBUSTION 

Unconsumed fuel passes out of many industrial furnaces. In order 
to reduce oxidation of the charge, heaters sometimes keep the furnace 
atmosphere smoky. With the theoretically correct fuel to air ratio, 
combustion is not completed unless fuel and air are thoroughly mixed. 


Air required for perfect combustion — 
0.3581 lb or 4.68 cu ft per cu ft of gas. 
Produf*ts of perfect combustion: 

Pcf of gas 


C 02 

0.0792 

H 20 

0.0473 

N 2 

0.2787 

Total 

0.4052 


Specific gravity of products referred to 
air as unity = 0 972. 
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Fig 119. Heat in products of combustion of commercial butane. 


Lb of liquid per gal = 4.8. 

Specific gravity = 0.577. 

Ultimate analysis: 

C 4 H 10 93.0% 

CsHs 7.0 

100 . 0 % 

Density of vapor == 0.150 pcf at 60 F, 
14.7 psi abs pressure. 

Higher heating value 21^00 Btu 
per lb or 102^00 Btu per gal. 

1 gal of liquid produces 32 cu ft of 
vapor. 


Air required for perfect combustion = 
2.34 pcf of gas or 30.8 cu ft per cu ft 
of gas. 

Products of perfect combustion: 

Pcf of gas 


C 02 

0.4563 

H 20 

0.2406 

N 2 

1.7861 

Total 

2.4830 


Specific gravity of products referred to 
air as unity == 0.982. 


Curve A does not include latent heat of water vapor. Use lower heating value 
or, if higher heating value is used, add 255 Btu to sensible heat content. 

If no hydrogen is present in a complete analysis of the flue gases, multiply 
incomplete combustion loss on scale at right by 51 per cent. 


Even with excess air, combustible is occasionally found in the waste 
gases. The amount of heat lost in this way, therefore, depends not 
only on the design of the burners and furnace but also on operating 
requirements. 

Industrial fuels, with the exception of coke and blast furnace gas, 
contain hydrocarbons. In the initial stages of combustion, compounds 
such as CHnOH are formed. With excess air, these compounds are 
oxidized to CO 2 and H 2 O. With insuflScient air supply (in its entirety 
or locally), the end products are CO2, CO, H2O, H2, and methane. If 
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Temperature. F % Lxcess air 


Fig. 120. Heat in products of combustion of blue water gas. 


All volumes are at 60 F and 14.7 
psi abs pressure. 

Density of gas = 0.0427 pcf. 
Analysis of gas by volume: 

CO 43.5% 

H2 47.3 

CH4 0.7 

O 2 0.6 

CO 2 3.5 

N 2 4.4 

100 . 0 % 


Air required for perfect combustion = 
0.1695 lb or 2.23 cu ft per cu ft of gas. 
Products of perfect combustion: 

Pcf of gas 


C 02 

0.05527 

H 20 

0.02328 

N 2 

0.13365 

Total 

0.21220 


Specific gravity of products referred to 
air as unity == 0.989. 


Curve A does not include latent heat of water vapor. Use lower heating value 
or, if higher heating value is used, add 25 Btu to sensible heat content. 

If no hydrogen is present in a complete analysis of the flue gases, multiply 
incomplete combustion loss on scale at right by 51 per cent. 


the products of partial combustion are chilled, soot is formed. 

Several experimenters* have found that, when CO is present, it is 
accompanied by an approximately equal amount of H 2 ) or H 2 plus 
CH 4 . The CH 4 appears at low furnace temperatures when much H 2 
is present. 

Because the loss caused by incomplete combustion depends on equal 
volumes of CO and H 2 , the loss caused by CO must be determined. 

The percentage of CO in the flue gas is not a direct measure of the 
loss due to incomplete combustion. Instead, based on the fact that 

Pistor, Archil) filr das Eisenhuttenwesen, 1931, page 135; B. Houghton, Pro¬ 
ceedings Third International Conference on Bituminous Coal, 1931, Volume 2, 
page 279; also private communication, Trinks and Keller (not published). 
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Fig. 121. Heat in products of combustion of blast-furnace gas. 


All volumes are at 60 F and 14.7 Air required for perfect combustion = 


psi abs pressure. 
Density of gas = 

0.0768 pcf. 

0.0529 lb or 0.695 cu ft per cu ft of gas. 
Products of perfect combustion: 

Analysis of gas by volume: 

Pcf of gas 

CO 

26.40% 

CO 2 

0.0442 

Hz 

3.50 

H 2 O 

0.0017 

CO 2 

12.50 

N 2 

0.0838 

Nz 

58.60 

Total 

0.1297 


100.00% 

Specific gravity of products referred to 
air as unity = 1.094. 


Curve A does not include latent heat of water vapor. Use lower heating value 
or, if higher heating value is used, add 1.7 Btu to sensible heat content. 


a given weight of carbon makes the same volume, whether burned to 
CO or CO 2 , and that both gases are measured in the flue-gas analysis, 
the following expression for the loss due to incomplete combustion of 
carbon is derived.* 


L = 10,150 C X 


%CO 

% CO + % CO 2 


( 20 ) 


where 10,150 ** difference in heat evolved between burning 1 lb of 
carbon to CO 2 and to CO, and where C * fraction (by weight) of 
carbon in the fuel which is burned. If as much H 2 as CO escapes un- 


* The per cent CO 2 is that derived from combustion only. If some CO 2 is ini¬ 
tially present, as in blast-furnace gas, a modification is required; it has been taken 
care of in Table 11 and in Figs. 115 to 118, 120, and 121. 
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burned, the additional loss, based on the lower heating value (282 Btu 
per cu ft compared with 322 Btu per cu ft for CO), is 87 per cent of the 
above. The total loss due to incomplete combustion then is 


L = 


19,100 0 X 


%CO 

% CO + % CO 2 


( 21 ) 


Table 11 gives an idea of the loss due to incomplete combustion for 
different fuels. 


TABLE 11 


Fuel 

Heat Loss Indicated by Presence in Dry 
Flue Gases (When There Is no Excess or 
Deficiency of Air) of 

1 % CO + 1% H 2 
Per Cent of Higher 
Heat Value 

1 % CO, no H 2 
Per Cent of Higher 
Heat Value 

Coal, 70% carbon 

* 5.94 

*3.17 

Coal, 80% carbon 

* 6.00 

•3.20 

Oil 

5.53 

.... 

Natural gas 

5.02 


By-product coke-oven gas 

4.78 


Producer gas (either raw or clean) 

7.50 


Blue water gas 

4.60 


Coke 


3.42 

Blast-furnace gas 


5.17 


Loss varies, depending on amount of hydrocarbons present; see page 157. 


A still better grasp of the losses due to incomplete combustion can 
be obtained by consulting Figs. 109 to 121, in which these losses have 
been entered at the right-hand side, A glance at any of these illustra¬ 
tions shows that a given percentage of CO in the stack gases means an 
increasingly greater loss if more and more excess air is used in combus¬ 
tion; most industrial furnaces, however, work with a deficiency of air. 
It is, of course, obvious that the simultaneous appearance of much CO 
and of O 2 in the stack gases is the result of extremely poor mixing of 
the fuel and air. 


9. OSTWALD CHARTS 

In order to compute the excess or deficiency of air from a fiue-gas 
analysis, one must know the ultimate analysis of the fuel and must 







OttwdU, Charts 


161 


be familiar with combustion calculations. These computations may 
be avoided by the use of graphical charts such as were invented by 


Kilairpueratty 
dsfKttney ofofr 



AS’gSX ex air 


\p.7"43X ex c 


Chart for Stock Gas Analysis 
Calculated for Coal 

containing 7625% totalOorben 
6 53 ft Oxygen 


4SS% Hydrogen (by weid*) 
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the stack gases is CO. The charts were modified by J. D. Keller to 
take account of the experimentally determined fact, mentioned on 
page 158, that when CO appears, an equal volume of H 2 is usually 



0 2 4 6 8 to 12 M 16 la 20 


Percent (by volume) 

Fig. 124. Ostwald chart for natural gas. Based on H 2 in products being equal 
to CO in volume per cent and on no soot being foimed. 

present. Figures 122 to 127 are the modified Ostwald charts for dif¬ 
ferent fuels.* They cover a sufficiently wide range to allow a very 



Percent 0, (by volume) 

Fig. 125. Ostwald chart for coke-oven gas. Based on H 2 in products being 
equal to CO in volume per cent and on no soot being formed. 

close estimate of the excess air from a dry-gas analysis and from an 
approximate knowledge of the nature of the fuel. 

The Ostwald charts are inaccurate, if soot is one of the products of 
incomplete combustion. 

♦ The method of calculating and constructing the modified charts is described in 
Furnace and Steel Plant, September and October 1932. 




Percent Q fby vmtumi 


Fig, 127, Ostwald chart for a representative city gas. Based on H 2 in products 
being equal to CO in volume per cent and on no soot being formed. 


Examples will illustrate the use of the charts. With bituminous coal as fuel 
(Fig. 122), a stack-gas analysis shows CO 2 * 14.0% and O 2 5.2%. By 
locating 14 per cent CO 2 on the left-hand vertical edge, AC, and 5.2 per cent 
O 2 on the base line, AB, and by following horizontal and vertical lines denot- 
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ing these two quantities to their intersection at point I, it is found that the 
representative point on the chart lies on the line of perfect combustion, so 
that there is no CO in the products of combustion. Air ratio, as found from 
the slightly inclined lines, equals 0.76; its reciprocal equals 1.32, which means 
that combustion was carried on with 32 per cent excess air. 

If the gas analysis had shown 14 per cent CO 2 , as before, but only 2.0 per 
cent O 2 , then point II of Fig. 122 would have been reached. This point lies 
5.9 inclined spaces away from the perfect combustion line, CB, which means 
that the gases contain 5.9 per cent CO. If the analysis shows a different 
amount, the probabilities are that an error has been made in it. The air ratio 
(as determined by the location of point II with regard to the slightly inclined 
air-ratio lines) is found to be 1.20; its reciprocal is 0.833, which means that 
combustion took place with 16.7 per cent air deficiency. 

If, finally, the stack-gas analysis had shown 14 per cent CO 2 and 4 per cent 
O 2 , then point III would be reached on the chart. It is located 2.2 CO spaces 
distant from the line of perfect combustion; accordingly, the stack gases must 
contain 2.2 per cent CO, and, on the basis previously described, the hydrogen 
is also 2.2 per cent. The air ratio (slightly inclined lines) is 0.91; its reciprocal 
is 1.10, which means that combustion took place with 10 per cent excess air. 

For other fuels, information is gathered from the corresponding 
charts in the same manner. To construct charts for fuels of different 
compositions from those given, the methods described in the reference 
given above should be used. 

In the design of new furnaces, the incomplete-combustion loss is 
best estimated on the basis of results from previously constructed 
furnaces. The amount of combustible escaping unconsumed depends 
not only on the amount of air supplied, the burner design (thorough¬ 
ness of mixing versus stratification), the furnace temperature, the air 
preheat, and the flow of gases in the furnace (mixing by induction, 
by acceleration, or by change of direction), but above all on the nature 
of the atmosphere that must be maintained in the furnace. The effect 
of furnace atmosphere on various metals is discussed in Volume II. 

In furnaces that are equipped with regenerators or recuperators, 
part of the potential heat in the unburned fuel that passes out of the 
furnace can be recovered by admission of air immediately beyond the 
furnace. The volume of air so admitted must be closely controlled. 
Too much secondary air defeats the object of heat salvage by chilling 
the products of combustion. 


10. FUEL CONSUMPTION OF SIMPLE 
“IN-AND-OUT” FURNACES 

The fuel economy of furnaces is commonly expressed as the quantity 
of fuel (or electrical energy) expended to heat a imit weight of stock, 
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while the thermal efficiency of furnaces is expressed by the ratio: 

t 

_ Heat in the stock _ ' 

Heat in the fuel consumed for heating the stock 

In electric furnaces, the denominator in this ratio is replaced by the 
heat value of the electric energy consumed. In heating-furnace prac¬ 
tice, such terms as ^'gallons of oil per ton of steel,” or ^^poimds of coal 
per ton of ingots,” or ^'kilowatt-hours per ton of material heated” are 
quite common. 

From a study of heat losses in the preceding paragraphs, it is evident 
that the heat efficiency of a furnace depends not only on its design, 
but also, to a large extent, on its operation and on the requirements 
for uniformity of heating. If, for instance, a few small pieces are 
heated in a large furnace, the fuel consumption per unit of material 
heated must be extremely high, no matter whether the furnace is 
heated up especially for these pieces or whether it is kept hot all the 
time. In the former case, a large part of the heat is used to raise the 
temperature of the walls of the furnace; in the latter, the continued 
heat losses, by radiation and convection, and the continued flue-gas 
losses depress the heat efficiency to an extremely low value. Builders 
of furnaces know these facts well and are careful to make their effi¬ 
ciency guarantees quite specific with regard to operation. Further¬ 
more, the human element enters very largely into the problem of heat 
efficiency. Furnaces are occasionally operated with partly opened or 
broken doors, or with leaky doors. In combustion furnaces, there may 
be an excess of air or excess of fuel or poor mixing. Cold air may be 
taken into the furnace because the stack damper is opened too wide, 
or unconsumed fuel may escape from the furnace because the stack 
damper has been lowered too much. In most modem furnaces, the 
effects of the human element have been minimized by automatic con¬ 
trol of furnace pressure, furnace temperature, and fuel-to-air ratio. 
These controls are discussed in Volume II. 

The general method of calculating the fuel consumption of a given 
furnace, heating a given material, includes the following steps. First, 
the amount of heat going to the different places, as indicated by the 
arrows 1 to 6, Fig. 77, must be determined for a complete heating cycle, 
care being taken not to omit a single item. Second, that fraction of 
the potential heat of the fuel that is available for heating the furnace 
must be found. In electrically heated furnaces, this refers to the ther¬ 
mal efficiency of the prime mover, the electric generator, and the 
transmission; in combustion-type furnaces, it refers to the difference 
between heating value of the fuel and the heat carried off by the 
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products of combustion. The quotient: 

Heat required by the furnace ^ r 

- -—^-r;—: = Fuel requirement of the fumace 

Heat available per unit quantity of fuel 

may be expressed in quantity of fuel per hour, or per day, or per week, 
or per ton of heated material, but it should always include the whole 
heating cycle, including heating up and ^‘keeping-the-furnace-waiting” 
time. 

Occasionally the fuel consumption is split into two terms: One, 
called the ^Turnace constant” or the “holding consumption,” equals 
the fuel needed to keep the empty furnace hot. The other equals the 
additional fuel consumption needed to heat the stock alone, regardless 
of the furnace. Any such division may be convenient for purposes of 
comparison, but it has no other merit. 


11. THE FUEL ECONOMY OF CONTINUOUS 
FURNACES 

In Chapter 4, the effect of firing methods on the heating capacity 
of continuous furnaces is discussed. The firing methods described in 
that chapter also exert an influence on fuel economy. Rate of heating 
and effectiveness of insulation of furnaces have an equally great effect. 

If a continuous furnace is so designed and operated that it carries 
a uniform temperature of products of combustion from one end to the 
other, its fuel economy is equal to that of a batch-type furnace, be¬ 
cause in that case it makes no difference whether the stock is dis¬ 
charged from the door through which it entered or from another door. 

In the majority of continuous furnaces, the temperature varies from 
one end to the other. In the original continuous furnace of the pusher- 
type (see Fig. 2, Chapter 1), heat is released at the discharge end of 
the stock and the furnace temperature is lowest at the place where 
the stock enters. Thus, the furnace is a heat exchanger, with the hot 
gases flowing in one direction and the stock traveling (at intervals) 
in the opposite direction. 

Since a frontfired continuous fumace is a counterflow heat ex¬ 
changer, mathematically inclined fumace engineers have applied equa¬ 
tions of heat exchangers to the calculation of the heat economy of 
frontfired continuous furnaces for heating steel or copper. The answers 
produced by these equations are, at best, only crude approximations, 
for various reasons. Heat is released by continued combustion while 
the gases travel through the furnace, whereas the theory of heat 
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exchangers is based on all of the heat having been released before the 
gases enter. Furthermore, the theory of heat exchangers requires that 
the coefficient of heat transfer be constant along the furnace, whereas, 
as explained in Chapter 4, the coefficient is not constant in continuous 
furnaces, here under discussion. In spite of these discrepancies, an 
application of the theory is here given by an example. 



Fig. 128. Simplified diagram of heat exchange in continuous furnaces. 


With the notations of Fig. 128, the heat exchange per hour is found 
from the equation 


Q 


DTi - DTf 
\nDTi/DTf 


Q also equals the hourly heat lost by the hot substance and the heat 
gained per hour by the cold substance. In either case, this heat equals 
weight times specific heat times change of temperature. 

In the heating of steel to 2200 F, let the steel enter at 100 F, and 
let the products of combustion leave at temperatures of either 600 F, 
or 1000 F, or 1400 F, or 1800 F. Furnace temperature is 2400 F. Then 
Table 12 shows the steps in the calculation. The values of k are 
estimated from experience and from values given in earlier chapters. 

In the calculation, wall loss is estimated. The Btu in the fuel (lower 
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TABLE 12 


Waste-gas temp. F 

600 

1,000 

1,400 

1,800 

DTi/DTf 

0.4 

0.22 

0.154 

0.118 

In DTi/DTf 

-0.91 

-1.56 

-1.87 

-2.15 

DTi - DTf 
, ^ DTi 

-300 

-700 

-1,100 

-1,500 

(DTi - DTfWln^ 

Dlf 

k estim. Btu/(sq ft, hr, F) 

330 

445 

590 

700 

24 

27 

30 

33 

Q Btu/(sq ft, hr) 

Heat loss through walls and 

7,900 

12,000 

17,700 

23,100 

doors Btu/(sq ft, hr) 

Btu/(sq ft, hr) for heating steel 

3,200 

3,300 

3,400 

3,500 

Lb heated/(hr, sq ft) = QV(2100 

4,700 

8,700 

14,300 

19,600 

X 0.16) 

14 

26 

42 

58 

T (adiabatic) — T (final), F 

Lb of prod, of comb, 
sq ft, hr 

3,200 

2,800 

2,400 

2,000 

Q 

0.26 X DT 

Btu in fuel to produce, 

9.5 

16.3 

28.4 

44.4 

Prod, of comb, 
sq ft, hr 

11,000 

19,000 

33,000 

51,400 

Btu/ton of steel 1,570,000 

1,460,000 

1,570,000 

1,770,000 


heating value) to produce one pound of products of combustion was 
taken to be 1160. 

Although, as previously mentioned, the results of the calculation 
in Table 12 are only approximations, they reveal a trend which is 
seldom, if ever, uncovered in practice, because the owner of a furnace 
tries to heat as much metal as is compatible with good heating, and, 
therefore, is not interested in the change of fuel economy at lower 
rates of heating. 

The method of calculation shown in Table 12 furnishes a very close 
approximation in the heating of aluminum and similar metals, because 
the coeflBicient of heat transfer is more nearly constant and because 
no combustion occurs in the furnace. 

A more accurate calculation of the fuel consumption of a frontfired 
continuous furnace for heating steel takes much more time than the 
calculation of Table 12 and is based on assumptions that must be so 
selected that they come close to actual conditions. The calculation 
is long, because the furnace length must be divided into sections within 
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each of which the coefficient of heat transfer and the wall loss are 
practically constant. The assumptions deal iiot only with tempera¬ 
ture and emissivity of the flame, but also with heat losses through 
walls and hearth and to water-cooled parts, if such are installed. 

The method will be explained by applying it to the simplest type 
of continuous furnace, namely, an endfired furnace with heat above 
the steel only. The steel is to be so thin that temperature difference 
between top and bottom need not be considered. This means that the 
thickness must not exceed 4 in. 

A practical furnace length is selected, based on heating rates given 
in Chapter 4. A number of temperatures are selected for the products 
of combustion at the point of leaving the furnace (and for the heating 
stock). For each of these ^^leaving” temperatures, a temperature dis¬ 
tribution throughout the length of the furnace is tentatively sketched 
for the products of combustion and for the stock, on the basis of 
experience gained from previous calculations or test data. The neces¬ 
sity for assuming tentative temperature distributions is due to the fact 
that the ratio of wall losses to useful heat varies with the temperature 
distribution and with the design of the wall. With these assumed 
temperature distributions, the transfer of heat is calculated by making 
use of the laws of heat transmission, and a new temperature distribu¬ 
tion of steel and of products of combustion is determined by calcu¬ 
lation. If that distribution deviates much from the original assump¬ 
tion, the calculation must be repeated. If the coincidence of assumed 
and of calculated distributions is good, the rate of heating and the 
fuel consumption per pound of steel obtained from the first calculation 
are correct. 

As previously stated, several assumptions compatible with practical 
conditions are necessary. In this example, it is assumed that the 
furnace is constructed of dense firebrick, with a roof 9 in. thick, with 
sidewalls 13% in. thick, and with a ventilated hearth 18 in. thick. It 
is also assumed that the coefficient of heat transfer by convection 
equals 2 Btu per (sq ft, hr, F). 

Selection of the coefficient of heat transfer (in each section) requires 
careful consideration. In the early sections, where combustion is still 
going on, the coefficient may slightly exceed the values of Table 5. In 
other sections, it drops below those values, because of low emissivity 
of the roof and of the stock. 

Since the calculation is very long, it is here carried out for one 
terminal gas temperature only, namely, 1800 F. The steel is heated 
from 60 F to 2200 F. The fuel is raw producer gas, entering at 1100 F. 
It is burned without excess air. The waste gases contain 2 per cent 
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CO plus 2 per cent H 2 . The calculations are based on 1 lb of steel, 
or on 1 sq ft, and are, therefore, applicable to all sizes of furnaces of 
similar shape. 

From Fig. 116, lower calorific value of raw producer gas = 137.3 Btu per cu 
ft. Sensible heat in gas at 1100 F = 21.0 Btu. Sum = 158.3 Btu per cu ft. 
By extrapolating curve A of Fig. 116, the adiabatic flame temperature (i.e., 
the temperature at which the sensible heat content of the products ~ 158.3) 
is found to be 3100 F. The ratio of actual to ideal temperature rise during 


rMaximum Flame 
\^mperature 2500?F. 


2400 



Chamber 


60 60 
-Travel of steel in furnace, 
% of hearth length. 


Fig. 129. Illustration of method of calculating temperature distribution in a 
continuous front-fired furnace. 


combustion is found in practice to be about 77 per cent. The equivalent 
temperature of gas plus air, if mixed before combustion, would be 550 F 
(from Fig. 116). Hence, actual maximum flame temperature = 550 + 77% 
X (3100 - 550) - 2510 F. 

It is necessary, first, to assume tentative temperature-distribution curves, 
as in Fig. 129, relating temperature of steel and temperature of flame to posi¬ 
tion in the length of the furnace, for the purpose of determining the radiation 
losses. If the latter were a constant fraction of the heat input to the steel, 
this procedure would not be necessary; actually, however, the ratio of heat 
lost through the walls to heat absorbed by the steel is not the same in different 
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zones of the furnace. It also varies with the rate of heating. The tentative 
temperature-distribution curves* are shown in bro^ken lines in Fig. 129. The 
length of the hearth (which is called 100 per cent and therefore need not be 
known in feet) is first divided into a number of equal lengths, and the ratio 
of wall losses to heat input to the steel in each section is figured as in Table 
13, based on the assumed temperatures. 


TABLE 13 


1 

2 

3 

4 

5 

6 

7 

8 

Sect. 

No. 

Initial 
and Final 
Temper¬ 
ature of 
Steel in 
Section 
(from 
Tentative 
Curve), F 

Heat 
Input 
per lb 
of Steel 
in 

Section 
(Fig. 27), 
Btu 

Average 
Temper¬ 
ature of 
Flame 
and of 
Steel in 
Section 
(Tenta¬ 
tive), F 

Average 

Wall 

Temper¬ 

ature 

in 

Section, 

F 

Wall Loss in 
Section per 
sq ft 
of Steel 
Surface, 
Btu per hr 

Quantity 
of Heat Put 
into Steel 
in Section, 
per sq ft 
of Steel 
Surface, 
Btu per hr 

Ratio 

of 

WaU 
Losses 
to Heat 
Input 
to 

Steel, 

% 

1 

60 

32 

1850 

1030 

930 

2,880 

32.3 


370 


215 





2 

370 

42 

1965 

1300 

1,330 

3,780 

35.1 


690 


530 





3 

690 

52 

2110 

1590 

1,850 

4,680 

39.5 


1030 


860 





4 

1030 

64 

2290 

1870 

2,420 

5,760 

42.0 


1310 


1170 





5 

1310 

92 

2460 

2140 

3,400 

8,280 

41.1 


1750 


1530 





6 

1750 

81 

2500 

2350 

4,280 

7,290 

58.8 


2200 


1975 


Sum = 14,210 

Sum=32,670 



The greater the number of sections into which the furnace length is divided, 
the more accurate is the calculation, but the use of six sections keeps the cal¬ 
culation within reasonable limits and, at the same time, gives sufficient accu¬ 
racy for all practical purposes. 

The calculation is started from the cold end rather than the hot end of the 
furnace, because it is necessary to work back from the final temperature of 
the gases (which was assumed and is, therefore, a given quantity in the cal¬ 
culation) to the temperatures at other points, which are to be determined. 


Average ratio; 


Wall losses 


' for whole furnace 


14,210 

32,670 


Heat input to steel 
The values for column 3 in this table are read from Fig. 27. 


« 43.3% 
The average 


* Actually, the temperature curve is not flat on top but reaches a maximum and 
then decreases. For the present purpose, however, a constant maximum tempera¬ 
ture can be assumed without appreciable error. 
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steel temperature is taken as the arithmetical mean between initial and 
final temperatures for the section. In column 5 the wall temperature is inter¬ 
mediate between flame temperature and steel temperature; it is taken equal 
to [steel temperature + / x (flame temperature — steel temperature)], and, 
from previous calculations, the values of / are found to be approximately as 
follows: 

Section No. 1 2 3 4 5 6 

/ 0.50 0.54 0.58 0.62 0.66 0.72 

For column 6, the heat loss for the 9-in. arch and 13Mi-in. sidewalls is read 
from Fig. 86, for temperatures as in column 5, and the loss from the hearth 
is taken as 70 per cent of the values for an 18-in. wall, but at the temperature 
of the steel. Furthermore, it is assumed that the steel covers only 85 per 
cent of the hearth width, and that the height of the sidewalls (two sides) as 
a fraction of the hearth width is as follows: 

Section No. 1 2 3 4 5 6 

Height of 2 sidewalls as 

fraction of hearth width 0.40 0.50 0.60 0.70 1.00 1.00 

A rough calculation, based on the tentative temperature difference of Fig. 
129, shows that the heating rate to be expected is about 90 lb per (sq ft, hr). 
The values of column 7, then, are those of column 3 x 90. The values of 
column 6 divided by those of column 7 give the ratios of wall losses to useful 
heat input for the various sections as in column 8. 

The next step is the determination of the quantity of gases passing through 
the furnace. From Fig. 116, the lower calorific value of raw producer gas is 

137.3 Btu per cu ft of dry gas (referred to 60 F). The incomplete combustion 
loss, with 2 per cent CO H- 2 per cent H 2 and no excess air, is 20 Btu (Fig. 
116). The sensible heat in the fuel gas at 1100 F is 21 Btu (Fig. 116, curve C). 
If the products of combustion leave at 1800 F, the sensible heat that they 
carry out of the furnace amounts to 79 Btu (Fig. 116). Hence the available 
heat is (137.3 4* 21.0 — 79.0 — 20.0) = 59.3 Btu per cu ft of producer gas. 
The heat input to the steel, from 60 to 2200 F = 363 Btu, and from the pre¬ 
ceding tabulation the radiation loss is 43.3 per cent. Hence (363 x 143.3%)/ 

59.3 = 8.76 cu ft of producer gas is required per lb of steel heated. From 
Fig. 116 the lower heating value of raw producer gas is read to be 137.3 
Btu/cu ft. Hence, the heat consumption is 8.76 x 137.3 x 2000 = 2,400,000 
Btu per ton. From curve A of Fig. 116, the (average) sensible heat content 
of the products == 0.0525 Btu per F for each cubic foot of producer gas; 
hence 8.76 x 0.0525 = 0.460 Btu per lb steel = heat given up by the products 
of combustion in cooling 1 F. 

The next step is the determination of the relation of flame temperatures to 
steel temperatures, and of both to position in the furnace. In Table 14 (in 
which the sections are not necessarily of equal length), column 10 is the same 
as column 3 above, and represents useful heat per pound of steel. 

The sum of useful heat plus radiation losses (column 11), obtained by mul¬ 
tiplying the values of column 3 by (100 per cent plus ratio for column 8, 
in percentage), must equal the heat given up by the gases. Hence dividing 
the values of column 11 by 0.460 Btu per F gives the temperature drop of 



TABLE 14 (Continuation of Table IB) 


173 


The Fuel Economy of Continuoue Fumaeet 


os 

Distance 
from Ck>ld 
end, % 
of Hearth 
Length 

16.2 

33.3 

49.3 

64.1 

81.4 

100.0 

00 

Length of 
Section, % 
of Hearth 
Length 

16.2 

17.1 

16.0 

14.8 

17.3 

18.6 

Sum - 100.0% 


Time 
Required 
in Section, 
hr per psf 

0.00179 

0.00189 

0.00177 

0.00163 

0.00191 

0.00206 
Sum = 0.01104 


Rate of 
Heat Trans¬ 
fer to Steel, 
Btu per 
(sq ft, hr) 

17,900 

22,200 

29.300 

39.300 

48,200 

39,500 


Equivalent 
Emissivity 
of Flame+ 
Roof 

0.37 

0.39 

0.43 

0.47 

0.51 

0.55 

1—1 

Average 
Flame 
Tempera¬ 
ture and 
Average 
Steel Tem¬ 
perature, 

F 

1846 

215 

1964 

530 

2094 

860 

2271 

1170 

2440 

1530 

2500 

1975 

CO 

T—< 

Initial 
Tempera- 
turef of 
Gases in 
Section, 

F 

1892 

2015 

2172 

2369 

2500 

2500 


Tempera¬ 
ture 
Drop of 
Gases in 
Section, 

F 

92 

123 

157 

197 

(281) 

(280) 

rH 

Heat to 
Steel + 
Wall 
Loss in 
Section, 
Btu per lb 

42.5 

56.7 

72.3 

90.9 

129.6 

128.8 

o 

rH 

Heat 
Input 
Btu 
per lb 
of Steel, 
in Section 
(Fig. 27) 

^ ^ s s s s 

OS 

Sect. 

No.* 

^ w eo « 



in this column means initial in reference to the direction of gas travel; or it is the highest temperature of gases 
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the gases in each section (column 12), and from these the initial, final, and 
average temperatures of the combustion gases are figured (columns 13 and 
14). The average steel temperature is the same as in column 4. 

In figuring the heat transfer, the emissivity of the luminous flame of pro¬ 
ducer gas has been assigned the values given below, corresponding to test 
results with similar flames, and the total equivalent emissivity of flame plus 
walls (including heat transfer by convection) was calculated on the basis that 
the flame absorbs part of the roof radiation. 

1 2 
(cold end) 

Emissivity of flame only, % of 
blackbody 19 21 

Total equivalent emissivity of 
flame + roof E, % 37 39 

The rate of heat transfer (column 16), in Btu 
0 172 X > ^ _ 

Dividing the heat input to the steel (column 10) by the heat-transfer rate 
(column 16) gives the time required per pound of steel per square foot of 
exposed area (column 17). Dividing the separate values of this column by 
their total gives the fraction of the total time required for each interval of 
temperature rise (column 18), and, because the rate of travel of the steel 
through the furnace is the same throughout the length, the values of column 18 
also represent the fraction of the hearth length actually corresponding to each 
section. By plotting the steel temperatures from column 2 and the flame 
temperatures from column 13 against position in the furnace (column 18), 
the solid-line curves of Fig. 129 are obtained. 

The sum of the heating times for all sections (column 17) is 0.01104 hr per 
(psf); hence the rate of heating is 1 0.01104 = 90.5 lb per (sq ft, hr), based 

on the exposed area of the steel. Since this is so nearly the same as the 
initially assumed value of 90 lb per (sq ft, hr) and the final temperature 
curves it is unnecessary to repeat the calculation. 

Because the calculated temperature distribution almost coincides with the 
assumed temperatures, the above calculated gas consumption per pound of 
steel and the heat consumption per ton of steel are correct. 

If the same method of calculation is pursued for other exit tempera¬ 
tures of the products of combustion, and if the results are plotted, 
Fig. 130 is obtained. The curves differ considerably from the loga¬ 
rithmic curves of temperatures that are found if the coefficient of heat 
transfer is constant. 

Obviously the calculation is quite long, even for a single exit 
temperature of the waste gases. It would be much longer, if other 
modifying factors had been included. 

A similar set of calculations for the same furnace, this time fired 
with coke oven gas, furnished results that were plotted in Fig. 70. 
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The principal difference from the earlier calculation consists in figur¬ 
ing with radiation from clear gases. 

At first thought, it might be judged that a furnace of a given size, 
with both top and bottom heat can heat twice as much steel as a top- 
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Fig. 130. Temperature variation of steel and of gases in a continuous furnace 
heated by producer gas. 


Fig. 131. Heat absorbed by water- 
cooled skid rails. W. Heiligenstaedt, 
Archiv fur das Eisenhulienwesen, 
May 1932, page 559. 



fired furnace and do it with the same fuel consumption per unit weight 
of steel heated. Actually, matters are different. It is difficult to pass 
as much weight of products of combustion underneath as can flow 
above, unless the stock rests on water-cooled skid pipes which are sup¬ 
ported by tall water-cooled stanchions. These water-cooled parts 
absorb much heat not only from the flame gases, but also from the 
xirViofAKv fiiAl nnnsiimntion ner Dound of heated material is in- 
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creased. Figure 131 contains information on heat absorbed by water- 
cooled skid rails and stanchions. Compare also Chapter 4. A calcu¬ 
lation, similar to the one that led to the plotting of Fig. 130, can be 
made for an endfired furnace with top and bottom heat. However, 
such a calculation is extremely long, and has no value, because such 
furnaces are not built without a soaking zone. 


12. EFFECT OF STOCK THICKNESS ON THE FUEL 
ECONOMY OF CONTINUOUS FURNACES 


If material with low emissivity and high thermal conductivity is 
heated, thickness of stock does not affect fuel economy, because the 
heat absorbed by the surface of the stock is transmitted to the interior 
with but a negligible temperature drop. Heating of aluminum is an 
example. Contrariwise, if the emissivity of the stock is high and its 
thermal conductivity is low, as in steel, thickness affects fuel economy, 
for the following reason: Since the stock is to be heated to a given 
average temperature, the surface is hotter than the interior and the 
products of combustion, for the same rate of heating to the same 
average temperature, must leave with a higher temperature than they 
do when heating thin stock. Conversely, if the gases are to leave at 
the same temperature regardless of thickness of stock, the thick ma¬ 
terial must stay in the furnace a longer time than thin stock. (Com¬ 
pare Fig. 68.) Expressed in other words: The rate of heating must be 
reduced, whereby the wall loss per unit of weight heated is increased. 
If the heating stock is easily oxidized, other factors enter. Scale has 
a higher emissivity than bright metal. In the initial stages of heating, 
it promotes absorption of heat; but thick scale formed during pro¬ 
longed heating of thick stock is an insulator which, in turn, requires 
the stock to stay in the furnace a longer time. And if the heater 
attempts to increase the rate of heating by increasing the supply of 
heat, the scale is softened, becomes shiny and reflects the heat which 
means that its emissivity is lowered. 

Rate of heating and fuel economy in the heating of thick steel can 
be calculated in the manner explained above, if an additional estimate 
is made—^namely, the difference between surface temperature and 
average temperature of the stock. Care and judgment are needed in 
arriving at a fairly correct estimate, because of variations in the con¬ 
ductivity of steel as a function of composition and temperature. The 
results of such a calculation for heating mild steel of 6-in. thickness 
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are given in Fig. 132. The calculation had to be made twice, because 
the estimated temperatures differed from the calculated values. 

Since a theoretical calculation starts with an estimate that is based 
on experience, furnace engineers prefer to collect data on fuel economy 
of furnaces of different types. The engineers base estimates, or even 
guarantees, for a new furnace on data obtained from existing similar 
furnaces operating under similar conditions. Theory is then applied 
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Fig. 132. Calculated temperature distribution in a continuous furnace heating 
steel billets 6 in. thick. 


to the data to obtain a fairly correct answer on a projected furnace. 
An often heard opinion is that a good guess, based on experience, is 
to be preferred to a long theoretical calculation. 

Calculations on fuel economy are even longer for triple-fired fur¬ 
naces, quintuple-fired furnaces (erroneously called five-zone furnaces), 
and for furnaces with partial side firing. The same statement is true 
for doughnut furnaces, such as illustrated by Fig. 133, especially if 
such furnaces are subdivided into zones by baffles. The zones permit 
control of rate of heating at various levels of temperature. 
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TABLE 15 


Input of heat 

Heat of combustion of tar (gross calorific value) 

Heat of combustion of coke-oven gas (gross calorific value) 
Heat in steam used for atomizing tar 
Total 

Output of heat 

Heat imparted to steel slabs 

Heat lost by conduction through walls (*'radiation loss”) 

Heat absorbed by water-cooled skid rails and supports 
Sensible heat lost in stack gases 

Latent heat of water vapor produced by combustion, and of 
steam used for atomizing tar 
Unaccounted for 
Total 

Thermal efficiency = 35.2/70.16 = 60.2% 


Btu per hr 

% 

48,170,000 


19,240,000 


2,746,000 


70,166,000 

100% 

35,200,000 

50.2 

4,170,000 

5.9 

6,310,000 

9.0 

19,040,000 

27.2 

5,833,000 

8.3 

-396,000 

-0.6 

70,168,000 

100.0% 


Other data from the test are the following: 

Thickness of slabs 
Weight of steel heated 
Tar burned in heating zones: 

Upper burners 22gal per hr 
Lower burners 101 gal per hr 

Gas burned in soaking zones (referred to 60 F, 29.92'' Hg abs) 
Calorific value of tar: Gross 
Net 

Calorific value of gas: Gross 
Net 

Total combustion heat of fuel (gross calorific value) 

Steam used for atomizing 

Steam pressure at burners, average 

Water used for cooling 

Temperature rise of water 

Weight of gases flowing in stack 

Ideal quantity of air required for combustion 

Excess air in stack 

Weight of air supplied to furnace by recuperator 
Excess air supplied to furnace 
Temperature of gases at base of stack 
Temperature of air entering recuperator 
Temperature of air leaving recuperator 
Temperature of gases entering recuperator 
Temperature of gases between first and second passes of re¬ 
cuperator 

Temperature of gases leaving recuperator 
Average temperature of walls in soaking chamber of furnace 
Highest temperature of walls in upper heating chamber of 
furnace 

Temperature at door 8 in furnace 
Temperature of billets leaving furnace 
Temperature of billets entering furnace 
Temperature at cold end of furnace 


5 in. 

94,000 Ib/hr 


322^ gal per hr 
35.640 cu ft per hr 
149,400 Btu per gal 
144,200 Btu per gal 
540 Btu per cu ft 
482 Btu per cu ft 
67,400,000 Btu per hr 
1980 lb per hr 
76psi 

360,700 lb per hr 
17.5 F 

100,000 lb per hr 
49,330 lb per hr 
96% 

51,600 lb per hr 
4.6% 

770 F 
74 F 
526 F 
1212 F 

918 F 
809 F 
2320 F 

2410 F 
2160 F 
2250 F 
60 F 
1233 F 


Rate of heating, psf of hearth, hr: 

Including soaking hearth 66.22 

Not including soaking hearth 87.0 

Including top and bottom surface and soaking hearth 37.2 


Gas analysis: 

Heating zone, door 6 
Heating zone, door 8 
Heating zone, cold end 
Base of stack 

Heat recovered by recuperator 


% CO, % CO 
15.4 0.0 

11.0 0.1 

14.8 0.0 

7.7 

8.3% of heat of fuel 
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Test data from actual furnaces give a good idea of the distribution 
of heat and also of fuel economy. Table 15 is the record of a test 
made on a triple-fired slab-heating furnace, such as illustrated in 
Figs. 69 and 318. 

Several items are worthy of discussion. The rate of heating is rather 
low, if it is based on the whole heat-receiving area (top, bottom, and 
soaking chamber). The thermal eflSciency (ratio of heat in steel to 
heat in fuel) is 50 per cent, which is low for so elaborate a furnace. 
Heat recovery by the recuperator is also low, namely, 8.3 per cent. 
The low efiiciency is, in part, due to an explosion that had occurred in 
the recuperator; the latter had been repaired, but not entirely, and 
had some leaky spots. 

In the years that have elapsed since the test was made, the heating 
capacity of the furnace was, at different times, increased by changes 
in the burners, the width of the hearth, and in the stack. 

Furnaces of this general type are capable of a much higher thermal 
eflBiciency, which fact is proved by a publication in Stahl und Eisen, 
January 19, 1939; it concerns a furnace similar to the one shown in 
Fig. 318. The furnace was erected in Dinslaken, Germany. With 
heating rates referred to the sum of exposed surfaces in top- and 
bottom-heating chambers, the following efficiencies were observed in 
day-to-day operation: 

Heating rate, lb per (sq ft, hr) 20.45 40.9 51.1 

Thermal efficiency %, heat in 
steel/heat in fuel 60.2 70.5 73.4 

Combustion air for the main heating chambers was preheated to 
1040 F in a metallic, all-welded and, therefore, airtight recuperator. 
The recuperator caused a saving of heat of more than 16 per cent. Air 
for the soaking chamber was not preheated. Water in the skid pipes 
was condensate (distilled water), which can be heated to almost 170 F. 
Under the skid pipes (over the underfiring chamber) arches were built 
which keep most of the radiation away from the water-cooled pipes. 
In consequence, heat loss to the skid pipes and their supports was only 
2.7 per cent of the heat in the fuel, which is a very low value. The 
arches must be rebuilt every 4% to 5 months. American furnace 
owners may not wish to put up with frequent shutdowns. Gas and 
air were delivered in always constant ratio by displacement pumps 
which were geared together. 

Heiligenstaedt {loc. cit.) made a detailed analysis of the perform¬ 
ance of this furnace and arrived at the following percentages. 
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Item of Heat 

Per Cent 

Heat to steel 

74.7 

Wall loss 

3.7 

Heat to skid pipes 

2.7 

Wall loss of recuperator 

1.0 

Wall loss of hot-air duct 

0.6 

Leakage loss (charging door, etc.) 

7.9 

Stack loss 

9.4 


100.0 


13. FUEL ECONOMY OF SIDEFIRED 
CONTINUOUS FURNACES 

Sidefired continuous furnaces, such as illustrated in Fig. 134, have 
been used for many years in forge shops and in the practice of heat- 
treating. In rolling mills in the United States, side firing of continuous 
furnace was somewhat hesitatingly introduced after 1960. Some engi¬ 
neers were afraid of temperature differences across the width of the 
furnace. Others claimed that the side burners would interfere with 
the trouble doors. Both apprehensions were found to be groundless. 

In addition to the usual factors, such as rate of heating, final tem¬ 
perature of stock, type and thickness of refractories, other factors 
affect the fuel economy. Such factors are: Distribution of heat input 
along the furnace and location of offtake or vent. 

Evidently, side firing is practically equivalent to end firing, if all 
the burners at the hot end are wide-open, while the burners at the cold 
end are either closed or turned to low fire. However, side-fired furnaces 
are seldom operated in that manner. Whenever the composition of 
the heating stock permits, the burners at the cold end fire wide-open, 
to impart as much heat as possible to the entering stock, thereby 
increasing furnace capacity with good uniformity of temperature in 
thick stock. It is clear that, with heavy firing at the entering end, 
the products of combustion leave the furnace with a higher tempera¬ 
ture than they do in an end-fired furnace, and that a higher fuel con¬ 
sumption is the price that is paid for increased heating capacity 
coupled with good uniformity of temperature (see Fig. 66). The effect 
of a high exit temperature of the burned fuel gases is most marked 
with fuels that burn with a low adiabatic flame temperature—for 
instance, blast furnace gas and producer gas. For that reason, the 
sidefired furnace is here compared with an endfired furnace having 
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Fig. 134. Sidefiied continuous furnace 
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the temperature distribution of Fig. 132. The high wall loss of that 
furnace makes the deference in fuel economy quite conspicuous. 

For the heating rate indicated in Fig. 132, the stirface temperature 
of the stock at the hot end is about 60 F higher than the average tem¬ 
perature (see Fig. 68). The ratio of stock surface to surface of refrac¬ 
tories is approximately 0.4. From Fig. 52, the coefficient of heat 
transfer for 2200 -f 60 F = 26.7 Btu per (sq ft, hr, F). But, since 
the dame of raw producer gas is brightly luminous, the coefficient k 
must be increased at least 10 per cent. This increase raises k to 29.4. 
For a trial, let the average temperature of the flame equal 2450 F, then 
the active temperature head equals 2450 — 2260 + % (2260 — 60) = 
923 F. Heat transferred per (sq ft, hr) =» 29.4 X 923 Btu. Heat 
to be imparted per lb = 363 Btu. Then heating time follows from 
t X 29.4 X 923 = 245 X 363; t = 3.27 hr. Steel surface is referred 
to in 245/3.27 = 75 lb per (sq ft, hr). This is close enough to the 
rate of Fig. 132. 

Since producer gas that is burned with cold air has a low flame 
temperature, the fuel economy of a sidefired furnace burning producer 
gas varies with the direction of the flow of the products of combustion. 
If these products leave at the hot end, their temperature is 2450 F 
or higher. If they leave at the cold end, their temperature cannot 
exceed 2300, because the cold charge absorbs heat rapidly. The heat 
left in the furnace per cubic foot of gas equals combustion heat plus 
sensible heat in fuel gas minus (sensible heat carried out by leaving 
products of combustion plus heat lost by incomplete combustion). If, 
as in former examples, the lower heating value equals 137.3 Btu per 
cu ft, the sensible heat in the gas equals 21 Btu per cu ft, and the not 
released heat (incomplete combustion) equals 20 Btu per cu ft, then 
the heat left in the furnace per cubic foot of fuel gas equals 30.3 Btu 
per cu ft of fuel gas, if the products of combustion leave the furnace 
at 2300 F. If they leave at 2450 F, only 18.3 Btu are left in the fur¬ 
nace per cubic foot of fuel gas. As in earlier examples, 363 Btu are 
needed to heat a poimd of steel and since the ratio of wall loss to useful 
heat is approximately 45 per cent, the heat left in the furnace per 
pound of steel equals 1.45 X 363 Btu. If the products of combustion 
leave the furnace at the cold end, the heat consumption per ton of 
steel equals 


1.45 X 363 X 2000 
30.3 


3.5 million Btu 


If products of combustion leave at the hot end, the heat consumption 
rises to 5.8 million Btu per ton. 



184 The Fuel Economy of Furnaces 

In this example, the sidefired continuous furnace consumes much 
more fuel than the endfired furnace that has the temperature distribu¬ 
tion of Fig. 132. With that temperature distribution the heat con¬ 
sumption per ton of steel equals 2.7 million Btu. The example is 
instructive. The burners were assumed to mix so poorly that much 
heat is wasted by incomplete combustion. Furthermore, the fuel 
(raw producer gas) burns with a low flame temperature in cold air: 
In practice, producer gas is, with few exceptions, burned in preheated 
air, whereby the adiabatic flame temperature is raised. The differ¬ 
ence in fuel consumption is very small with fuels such as oil or natural 
gas. And finally, a furnace built up of dense firebrick without insula¬ 
tion is an abnormality. 

The conclusion is that little difference exists between the fuel 
economy of endfired continuous furnaces and of sidefired furnaces, 
if the latter are properly designed and operated and if fuel with a 
high adiabatic flame temperature is burned. This statement refers 
to furnaces in which a temperature of about 2200 F is maintained. 
For furnaces with lower temperatures no noticeable difference in the 
fuel consumption exists for either type of firing. 

The same statements are true for furnaces with rotating hearths, 
such as illustrated in Fig. 133. It is evident that furnaces of this type 
cannot be endfired, but the firing can be so arranged that it is equiva¬ 
lent to end firing. For metallurgical reasons, some furnaces of this 
type are divided into sections by radial baffles. 

It may be repeated that in the United States continuous furnaces 
are built for labor economy. If fuel economy is an object, it is attained 
by recuperation. 


14. EXAMPLES FOR THE CALCULATION 
OF FUEL CONSUMPTION 


Example 1. Gasfirbd Forge Furnace, Regenerative Type (see 
Fig. 135). In this furnace, ingots of medium-carbon steel and of alloy steel, 
26 in. in diameter, are heated for forging. After each heating period, in 
order to avoid formation of cracks in the ingot by too rapid initial heating, 
the furnace interior is cooled down to 1200 F, before another ingot is charged. 
The temperature of the inside surface of the walls, then, varies according to 
the following cycle: Heat from 1200 to 2400 F, in 6 hr at approximately 
linear rate; drop from 2400 to 2300 F during soaking period of 1 hr; then cool, 
with door open, to 1200 F, when another ingot is charged. 

The first step is to determine the temperature distribution throughout the 
walls for each of the various thicknesses, at the end of the cooling period and 
at the end of the (heating plus soaking) period. Schmidt^s graphical method 



Examples for me Calculation of Fuel Consumption 185 

is to be used (see Appendix, page 444). In Fig. 136 are shown the temper¬ 
ature curves determined by this method for the IS^in. sidewalls. Approxi¬ 
mately 1hr is required for cooling from 2300 to 1200 F, and the time aver¬ 
age of the inside surface temperature is 1860 F. This means that, after many 
cycles, the loss by conduction to the outside is equal to that of an 18-in. wall 
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Fig. 136. Temperature variation in IS-in. firebrick wall of forge furnace during 
8%-hr heating-and-cooling cycle. 


with 1860 F inside temperature, or (from Fig. 86) 690 Btu per (sq ft, hr). The 
storage loss factor is the ratio of the heat actually lost by storage during the 
cycle, to that which would be lost if steady-state temperatures were reached 
throughout the wall at the beginning and at the end of the heating period; 
or, referring to Fig. 136, it is the ratio of the algebraic sum of the section-lined 
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areas to the area of the trapezoid l-3~4-2. For the 18-in. wall, this ratio is 
21 per cent. 

During the first few cycles after starting up from cold, the heat-storage loss 
is considerably greater; thus, for the first cycle, the storage loss factor is 
101 per cent; for the second immediately following cycle, 38 per cent; and 
the third immediately following cycle 29 per cent, for the 18-in. wall. On the 
other hand, the conduction loss moves in the opposite direction; for the first, 
second, and third heating periods, it is 74, 301, and 466 Btu per (sq ft, hr) 
respectively. The examples that follow are based on a cycle sufficiently far 
removed from a cold start. 

For the 9-in. arch, the storage ratio after many cycles is 39 per cent; for 
the 12}4*in. hearth it is 28 per cent; and for the 13H-in. downtake wall, 
27 per cent. In the following calculations, these factors are enclosed in 
braces, thus {27 per cent}. 

Roof Arch. 9 ft 9 in. by 11 ft 3 in. by 9 in. thick. When the furnace tem¬ 
perature is 2300 F (end of heating plus soaking period), the outside wall 
temperature is shown by Fig. 85 to be 510 F, and the average wall temper¬ 
ature at this time is 

??«^«= 1405F 

Similarly, when the interior is at its lowest temperature of 1200 F, the outside 
temperature is 328 F and the average is 764 F. 

In the following, the heat-content figures are read off from Fig. 90 and 
are enclosed in square brackets, thus: [354 ~ 172]. The heat change in 
the brickwork == weight X {heat content per pounds average at end of heating 
period — heat content per pounds average at end of cooling period). If equilib¬ 
rium temperatures were reached throughout the thickness, the change in 
heat content of the roof arch would be 

9.75 ft X 11.25 ft X 0.75 ft X 125 pcf X [354 - 172] = 1,872,000 Btu 

Since the storage factor for this particular cycle, as stated above, is 39 per cent 
for the 9-in. arch, the actual heat change is 

{39%} X 1,872,000 = 730,000 Btu 

Sidewalls. Two walls, each 9 ft 9 in. by 5 ft 3 in. by 18 in. thick. From 
Fig. 85, temperature of outside corresponding to 2300 F inside = 377 F, and 
average temperature for steady-state conditions at end of (heating plus 
soaking) period would be 1338 F. From Fig. 90, beat content at this temper- 
ture = 332 Btu per lb. From Fig. 85, outside temperature (corresponding to 
1200 F inside) = 246 F, and average temperature for steady-state conditions 
would be 723 F. From Fig. 90, heat content at this temperature = 162 Btu 
per lb. 

Actual change of heat content 

= {21%} X (2 X 5.25 X 9.75 X 1.5) X 125 X [332 - 162] = 685,000 Btu 

Ends. Two ends, each 11 ft 0 in. by 6 ft 0 in. (average height) by 18 in. 
thick. Door in one end, 5 ft by 5 ft by 9 in. thick. Two flues in one end, 
2 ft by 2 ft = 8 sq ft. 



Examples for the Calctdaiion of Fwul Consumption 187 

Front end: (11 ft 0 in. X 6 ft 0 in.) ~ 26 =* 41 sq ft 
Change of heat content 

* {21%} X 41 X 1.6 X 126 X [332 - 162] = 274,300 Btu 

Door: 6 ft 0 in. by 6 ft 0 in. by 9 in. thick. 

Change of heat content 

* {39%} X 6 X 6 X 0.76 X 126 X [364 - 172] = 166,400 Btu 

Back end: (11 ft 0 in. X 6 ft 0 in.) — 8 = 68 sq ft 
Change of heat content = {21%} X 68 X 1.6 X 126 X [332 — 162] = 388 Btu 

Total heat in ends = 828,700 Btu. 

Bottom. 9 ft 9 in. by 11 ft 0 in. by 12 H in. thick. 

The hearth is well ventilated. Nevertheless, both radiation and convection 
cooling are restricted. Assuming that each is reduced to 60 per cent of the 
values of Fig. 79, a calculation by the methods of pages 120-121 showed that 
for 2300 F inside, the steady-state temperature of the lower surface of the 
hearth would be 600 F. The average temperature, therefore, is 1460 F, and 
from Fig. 90 the heat content is 368 Btu per lb. By the same method, for 
1200 F inside, the steady-state temperature of the lower surface was found 
to be 378 F; average temperature 789 F; and heat content 179 Btu per lb. 

Change of heat content 

= {28%} X ( 9.75 X 11 X X 125 X [368 - 179] = 740,000 Btu 

Note that the above volumes are based on inside-wall areas, and do not 
include edges. The quantity of heat taken from the edges during cooling, as 
mentioned previously, is 38 per cent of that abstracted from an equivalent 
weight of brick in the straight wall. 

Edges. Top horizontal edges (2 X 11.25 + 2 X 9.75) X 0.75 X 1.5 X 125 
= 5900 lb 

Change of heat content 

= {29% average} X 38% X 5900 X [343 — 167] average = 114,300 Btu 

Vertical edges: 4 X 5.25 X 1.5 X 1.5 X 125 = 6900 lb 
Change of heat content 

= {21%} X 38% X 5900 X [332 - 162] = 80,000 Btu 

Bottom horizontal: (2 X 11.25 + 2 X 9.75) X 1.5 X X 125 = 82001b 
Change of heat content 

= {25% average} X 38% X 8200 X [350 — 170 average] = 147,500 Btu 

Total heat change in edges = 341,800 Btu 

Corner8:(4 X IH X 1X + 4 X 1X IH X ^11^ X 125 - 20161b 
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Change of heat content 

= {24% average} X 11% X 2015 X [332 — 162 average] = 9580 Btu 

The storage in the corners is so small that it will be neglected in the following. 
Downtakes. Average temperature change in the inner surface of the two 
downtakes is from 1400 to 1800 F. Corresponding average temperatures 
throughout the brickwork of these walls, for steady-state conditions, are 851 
and 1079 F, respectively. 

Front and back walls: 

Change of heat content 

= {27%1 X (2.25 X 10 X ^ X 125^ X 2 X (257 - 196] = 104,300 Btu 

Note that part of the back wall of the heating chamber and one wall of each 
downtake are built together, so that the temperature differences given above 
for ventilated walls, although correct for most of the area, are not quite cor¬ 
rect for this part. More accurate calculation, using Schmidt^s graphical 
method, showed so little error, however, that the use of the simpler approxi¬ 
mate method is justified. 

Sidewalls: Each 2 ft 3 in. by 10 ft 0 in. by 18 in. 

Change of heat content 

= {21%} X (2.25 X 10 X 1.5 X 125) X 2 X [252 - 191] - 108,200 Btu 
Roof: 2.25 X 3,38 X 0.75 X 125 = 712 lb 
Change of heat content 

= {39%} X 712 X [338 - 163] = 48,700 Btu 

Edges: 

(^4 X 10 X 1.5 X ^ + 2 X 3.38 X 1.125 X 0.75 + 2.25 X 1.125 X 0.75) 

X 125 = 9390 lb 

Change of heat content 

= {25% average} X 38% X 9390 X [254 - 193 average] = 54,400 Btu 

Total heat-storage loss, per cycle, in downtakes 

= 2 X (104,300 + 108,200 + 48,700 + 54,400) = 631,200 Btu 

Regenerators, The number of 9-in. straight brick used in each regenerator 
is 2400. The weight of the checkerwork is then 

2 X ^ ^ 1728^ X 125 X 2400 = 35,1701b 

How much the average temperature of the checker bricks drops during the 
cooling period of 1H hr depends on the operation of the damper. If the latter 
is closed at the end of heating while the ingot is being withdrawn, the stack 
will have cooled, and circulation may be reversed: that is, air may be drawn 
into the top of the stack and discharged through the open furnace door. 
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Usually, however, the stack damper remains open, antj cold air is drawn in at 
the door and discharged through the stack. The cooling of the checkers then ^ 
depends on how widely the damper is opened. On the basis of a downward 
velocity of air in the downtakes of 10 fps (referred to 60 F), and ol practically 
constant temperature throughout the checker bricks (which, being thin, and 
heated and cooled from both sides, do not maintain any considerable internal 
temperature differences over this relatively long period), a calculation by 
graphical methods showed that the average temperature of the checkers 
would drop from 1500 to 1080 F during the cooling period. The corresponding 
change of heat content would then be 

35,170 lb X [384 - 258] = 4,431,000 Btu 

Brick Walls Surrounding Regenerators. 

Roof arches: Two arches 13 ft 6 in. by 5 ft 6 in. by 9 in. thick. 

Change of heat content (for change from 1300 to 1700 F surface temperature) 

= 2 X {39%} X 13.5 X 5.5 X 0.75 X 125 X [250 - 188] = 336,500 Btu 

Sidewalls: Two side and one partition wall, each 13 ft 6 in. by 6 ft 3 in. by 
ISH in. thick. Average temperature change of inner surface is from 1280 to 
1050 F. 

Change of heat content 

= 3 X {27%} X 13.5 X 6.25 X ^ X 125 X [177 - 142] = 336,500 Btu 

12 

Ends: Two ends, each 10 ft 6 in. by 6 ft 9 in. by 13 H in. thick. 

Change of heat content 

= 2 X {27%} X 10.5 X 6.75 X 1.125 X 125 X [177 - 142] = 188,500 Btu 

Edges: Change of heat content = 38% X {33% average} X (4 X 13.5 X 
1.125 X 0.75 + 4 X 10.7 X 1.125 X 0.75 + 4 X 6.25 X 1.125 X 1.125) X125 
X [177 ~ 142 average] = 62,300 Btu. 

Total change of heat content of walls surrounding checkers 

= 336,500 + 336,500 + 188,500 + 62,300 = 923,800 Btu 

The total change of heat content of all the brickwork is the total of the 
separate items, or 


Heating chamber_arch = 730,000 Btu 

sidewalls = 685,000 

ends = 828,700 

bottom = 740,000 

edges = 341,800 

comers = 9,600 

Downtakes.= 631,200 

Checkerwork.= 4,431,400 

Walls of regenerator chambers = 923,800 

Total.= 9,321,500 Btu 
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The charge in the furnace, for this heating cycle, is a steel ingot 26 in. in 
diameter projecting into the furnace 10 ft 0 in. The weight of the steel is 


7 (26)2 X 120 X 0.283 = 18,050 lb 
4 


The heat input to 1 lb of steel heated from 60 to 2270 F (average temperature 
of ingot) is 371 Btu (Fig. 27). The total heat absorbed by a charge of steel is 

18,050 X 371 = 6,696,000 Btu 

The ratio of useful heat to (useful heat plus heat absorbed in brickwork) 


6,696,000 

6,696,000 + 9,321,500 


41.8% 


The result shows very plainly that much heat can be saved in this furnace if 
the ingots are preheated, in which case the furnace need not be cooled be¬ 
tween ingots. 

This example was selected, because it requires a great number of different, 
detailed calculations. However, a furnace of this type is not recommended 
for forge plants, if natural gas serves as fuel. The mixing of fuel and of pre¬ 
heated air is so poor that most of the combustion takes place in the regener¬ 
ators. It is difficult to obtain a sufficiently high temperature in the heating 
chamber unless the natural gas is blown in by compressed air or by steam. 
In either case, the calculations have to be modified. 

Example 2. The second example is that of a simple oil- or gasfired furnace 
for heating rounds which are to be drop-forged. In this example, the material 
is put into the hot furnace; that is, the furnace is not cooled down during the 
day. The stock is heated to 2250 F. Flame temperature probably 2500 F. 
Inside wall temperature taken as 2350 F; gases leave furnace at 2400 F. Steel 
is actually heated during 8 hr per day, not including the heating-up time 
(which is about 2 hr). The furnace is shown in Fig. 137. 

Heat Imparted to the Steel Being Heated. 75 lb of steel are heated per hr per 
sq ft of hearth. From Fig. 27, heat input to heat 1 lb of steel to 2250 F = 
373 Btu. 


(25^ X 5K) X 75 X 8 X 373 = 3,083,000 Btu per day 

Losses from wallj including heat-storage loss: The wall loss is here computed 
by the same methods as in the fourth edition. At the end of the calculation for 
wall loss, it is recalculated by other methods, for the sake of comparison. 

For the one-day heating cycle the radiation and convection loss from the 
walls and the loss by storage of unavailable heat in the walls are figured as 
a combined loss. The loss under steady-state conditions must first be cal¬ 
culated. The heat-conducting areas are taken halfway between outside and 
inside areas of walls (arithmetical mean). 

4}^in. door: Area = X (16)2 + 7 X 32 ) -5- 144 = 4.33 sq ft 

From Fig. 86, heat loss when inside temperature equals 2350 F is 3370 Btu 
per (sq ft, hr). 


4.33 X 3370 = 14,600 Btu per hr 
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Fig. 137. Forge furnace. 


9 -in. roof and walls: The 13 }^in. wall with flues may, with sufficient accu¬ 
racy, be taken as equivalent to a 9-in. wall. 

Roof: (2% + X 6 ft = 20.2 sq ft 

Sides: 2 X (2 + %) X 6 ft = 33.0 sq ft 

End: {2+ H)X (2H + h) ^ 9.3 sq ft 

End: 2?^ X 3H ~ 4.33 = 5.0sqft 

Total area = 67.5 sq ft 

1790 Btu per (sq ft, hr) [from Fig. 86] X 67.6 = 120,800 Btu per hr 

104n. hearth: The hearth is ventilated; it rests on I beams which permit air 
circulation (not shown in Fig. 137). The loss will be taken as 90 per cent of 
the loss from a freely exposed sidewall. Area (same as roof) = 20.2 sq ft. 
Interpolating in Fig. 86, the unit loss is 1660 Btu per (sq ft, hr). 

90% X 1660 X 20.2 = 30,160 Btu per hr 

The ratio of heat-storage loss plus loss by radiation and convection during the 
8-hr working time plus the heating-up time, to the radiation and convection 
loss (only) in 8 hr if the steady state of heat flow were reached, is 2.35 for 
the 9-in. wall, 2.50 for the 10-in. hearth, and 1.5 for the door. 
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2.35 X 120,800 X 8 = 2,270,000 Btu per day 

2.50 X 30,160 X 8 = 603,200 Btu per day 

1.50 X 14,600 X 8 = 175,200 Btu per day 

Total = 3,048,400 Btu per day 

This is the total loss by heat storage in the brickwork as well as by conduction 
through and radiation and convection from the walls. It is based on operation 
during 5 days per week. (If the furnace is operated fewer days per week, a cor¬ 
rection is required.) 

Effect of 8~hr-per^day operation on wall loss in accordance with Fig. 91: In this 
method, the steady-state heat loss in 24 hr is multiplied by a coefficient which 
is smaller than unity, whereas in the method previously followed, the heat 
loss in 8 hr was multiplied by a coefficient greater than unity 


Roof and walls 120,800 X 24 X 0.61 
Hearth 30,160 X 24 X 0.63 

Door 14,600 X 24 X 0.43 

Total 


1,768,500 Btu per day 
456,000 Btu per day 
150,700 Btu per day 
2,375,200 Btu per 24 hr 


This value is about 22 per cent below the above determined figure. From a 
purely theoretical viewpoint, a difference of 22 per cent is excessive. Prac¬ 
tically, it is tolerable. The chart. Fig. 91, neglects several factors for the sake 
of simplicity. Furthermore, the effect of leakage through burner openings 
and walls is uncertain. 

Wall loss, if wall and roof, hut not the hearth, are built of 2800 F lightweight 
firebrick: From Fig. 87, the hourly heat loss through 1 sq ft of 4)^-in. brick is 
1320 Btu, for a furnace temperature of 2350 F. The corresponding value for 
9-in. bricks is 680 Btu, With the heat-conducting area halfway between 
outside and inside areas of walls, the hourly heat loss equals 4.33 X 1320 
+ 67.5 X 680 + 0.9 X 1660 X 20.2 = 81,920 Btu per hr. This is not much 
more than one half of the heat loss that is incurred with walls of dense firebrick. 

Radiation through Door Opening. The door is open to 6-in. height for 
50 per cent of the time. Ratio of sides of rectangle = 2^: = 5.25. Ratio 

of width of opening to thickness of wall = 6 in./9 in. = 0.67. Interpolating 
in Fig. 96, the total radiation factor for an opening of these proportions is 
0.55, approximately. From Fig. 95, blackbody radiation at 2350 F is 745 Btu 
per (sq in., hr). 


745 X 6 in. X 31 in. X 0.55 X 8 X 50% = 310,000 Btu per day 


Loss of Furnace Gases around Door and through Opening. }^-in. crack around 
the door. 


Crack: 


(tt X 16 H- 2 X 7) X 
144 


0.222 sq ft 


6 X 32 

Door itself, when open: ’l44~~ ^ ^ 0.667 sq ft 

Total area = 0.889 sq ft 

Density of gases at 2400 F = 0.0134 pcf or specific volume = 74.5 cu ft per lb 


Let the excess pressure in the furnace he P\ — P 2 = 0.025 in. of water, or 
0.13 psf, and coefficient of discharge bo 0.75. 
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Velocity of gases escaping 


= V2g X (Pi - P 2 ) Xv VmA X 0.130 X 74.5 = 25 fps 

Weight of gases escaping 

^ 0.889 sq ft X 25 X 3600 X 0.75 
74.5 


805 lb per hr 


Since 15.07 lb of products are formed per lb of fuel oil, the weight of fuel 
used to produce the escaping gases = 805/15.07 = 53.4 lb per hr or 428 lb 
per day. 

Fvsl Required, Gases leave the furnace at 2400 F during the 8-hr operating 
period. During the heating-up period of about 2 hr, their average leaving 
temperature is estimated to be 2000 F. 

Let the combustion device be so adjusted that sufficient air is supplied for 
perfect combustion, but let the waste gases contain 1 per cent CO. 

Lower heating value of oil = 18,830 Btu per lb.* 

Sensible heat in products of perfect combustion at 2400 F = 10,100 Btu 
per lb of oil 

Heat lost by incomplete combustion = 1000 Btu per lb of oil 

Heat transferred in the furnace by the products of combustion of 1 lb of 
oil, 2400 F leaving temperature, = 18,830 — 10,000 — 1000 = 7730 Btu 

During the heating-up period, the heat in the products leaving at an average 
temperature of 2000 F is 8200 Btu per lb of oil. 


18,830 - 8200 - 1000 = 9630 Btu 

8 X 7730 + 2 X 9630 


Average amount of heat utilized per pound of oil = 


8 + 2 


= 8110 Btu 


Heated transferred to stock, per day = 3,083,000 Btu 

Heated stored in brickwork and lost through walls, per day = 3,048,400 Btu 
Heat lost by radiation through openings, per day = 310,000 Btu 

Total = 6,441,400 Btu 


Let the gases which escape around the door contain 2 per cent CO + 2 per 
cent H 2 . Then the loss by incomplete combustion = 2060 Btu per lb oil. 
Hence these gases, at 2000 F, give up in the furnace 9110 — 2060 = 7050 Btu 
per lb oil, or 7050 X 428 == 3,017,000 Btu per day. 

Heat remaining to be furnished by the gases which pass out through the 
flues = 6,441,400 ~ 3,017,000 = 3,424,400 Btu per day 


Fuel consumption = 


3,424,400 

8110 


+ 428 = 850 lb per day, or 126 gal per day 


Overall thermal efficiencyf of the furnace 
3,083,000 Btu heat i n st eel 
850 X 19,980 higher heating value 


0.182, or 18.2% 


*This example was figured on the basis of burning no. 5 fuel oil. For that 
reason the heat contents etc. differ slightly from those of Fig. 112 which contains 
information on no. 6 fuel oil. 

tin American practice, efficiencies are based on the higher or gross heating 
value, instead of the more logical lower or net heating value. 
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Fuel used per net ton of steel heated 

_ 850 X 2000 _ 

(25^ X 5)4 X 75 X 8 = 8270 lb per day) 

or 30.5 gal of oil per net ton of steel. 


= 205 lb of oil 


Heat Balance 



Btu per day 

Per cent 

Heat input to steel (useful heat) 

3,083,000 

18.2 

Wall losses (storage plus conduction) 

3,048,400 

17.9 

Heat radiated through openings 

310,000 

1.8 

Heat lost in unburned combustible in fuel gases 

882,000 

5.2 

(escaping through openings) 

422,000 

2.5 

Sensible heat lost in products of combustion 

8,259,600 

48.6 

Latent heat of water vapor, not recovered 

978,000 

5.8 

Total = heat in fuel 

16,983,000 

100.0 


It must be understood that considerable variation from these figures may 
occur in practice, because conditions may not be the same as those stated. 
After a furnace has been in operation for some time, the roof burns thinner, 
the walls become thinner, and cracks open in them, permitting gases to escape 
and heat to be lost by radiation. Then there are the factors that depend on 
the operator and on the type of fuel-burning equipment. If the combustion 
device is improperly designed or operated, there will be an additional loss 
from unburned combustible escaping with the stack gases, and less of the 
potential heat of the fuel will pass into the steel. If the operator leaves the 
door open all the time, the third and fourth items in the table will be greatly 
increased. The efficiency figured is not likely to be increased, but much lower 
efficiencies may be encountered. 

Heat developed by oxidation of the steel has not been allowed for in this 
example, because, in well-designed and properly operated furnaces, the 
oxidation is small. 

Example 3. 63,500 lb of steel sheets are to be heated to 1300 F in the 
hood-type furnace which is illustrated by Fig. 138. After having been heated 
and soaked, the sheets will stay in the box until they have been cooled down 
to a temperature of a few hundred degrees. Natural gas is to be the fuel. 
What is the fuel consumption per cycle? 

The following quantities must be computed: 


1. Heat imparted to sheets. 

2. Heat stored in annealing box. 

3. Heat stored in base under sheets. 

4. Heat imparted to bricks and ground under base. 

5. Heat imparted to protective gas. 

6. Heat stored in hood. 

7. Heat given up by outside of hood. 

8. Heat lost in products of combustion. 


Items 1, 2, 3, 4, and 6 can be computed directly from physical data shown on 
the drawing. For the calculation of items 5, 7, and 8, the heating time must 
be computed. Calculation of the various items follows. 

1. From Fig. 27, the heat required to raise the temperature of 1 lb of steel 
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Half Side Elevation Half Longitudinal Section 

Fig. 138 (a). Hood-type annealing furnace. 
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Fig. 138 (6). Hood-type annealing furnace. 


from 70 to 1300 F equals 2200 — 8 = 192 Btu. Heat imparted to sheets then 
equals 63,500 X 192 = 12,200,000 Btu. 

2. Weight of annealing box equals 4140 lb. Since it transmits heat to the 
sheets, its temperature must exceed that of the sheets. Final temperature of 
box (average with regard to space) is estimated to be 1350 F. Heat per 
pound, from Fig. 27, equals 210 — 8 = 202 Btu. Heat stored in annealing 
box = 4140 X 202 = 830,000 Btu. 

3. Weight of metallic base under sheets equals 18,000 lb. The base has a 
slightly higher temperature than that of the sheets in the bottom layers, 
because hot deoxidizing gas passes through the hollow base. A temperature 
of 1320 F is used in this calculation. Then, heat per pound equals 205 — 8 = 
197 Btu, and heat stored in metallic base equals 18,000 X 197 = 3,550,000 Btu. 

4 . The heat to be imparted to bricks and ground under the base varies with 

the temperatures that the bricks and the ground below them have at the 
beginning of the heating cycle. On account of this uncertainty, it is close 
enough to assume that a layer of bricks thick is to be heated to a tem¬ 

perature of 1200 F. Then, heat imparted to subbase equals 

Specific 

Floorspace Thickness Temperature rise neat 

4}^ ft X 13.7 ft X 1.5 ft X (1200 F - 100 F) X 130 pcf X 0.23 
This equals 3,100,000 Btu. 

5. The heat to be imparted to the deoxidizing gas is always small, almost 
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negligible compared to the other heat quantities. It varies with the tightness 
of the seal under the annealing box. It is estimated that 450 cu ft (33.8 lb) of 
gas are passed through the annealing box in 1 cycle. The specific heat of the 
gas is 0.3; its average temperature rise is 1200 F. Then, the heat to be 
imparted to the gas equals approximately 12,000 Btu, which is indeed small 
compared to the other heat quantities. 

6 . Heat stored in hood (outer cover) equals weight of bricks times specific 
heat times temperature rise. Volume of brickwork is computed as follows: 


Two sidewalls 145 cu ft 

Two end walls 86 cu ft 

Roof 204 cu ft 

Bottom ring, outside of sand seal 40 cu ft 

Total 475 cu ft 


The cover lining consists of refractory insulating brick which weighs approxi¬ 
mately 80 pcf. In order to transmit enough (but not too much) heat to the 
annealing cover, the inner wall surfaces of the hood must have an average 
(with regard to space) temperature between 1450 and 1500 F. A temperature 
of 1470 F is used here. From Fig. 85, the outside temperature equals 340 F, 
because of the metal casing. The average wall temperature at the end of the 
heating period then is J4(1470 + 340) = 905 F. The heat stored in the 
cover equals 

Specific 

heat Temperature rise 

475 cu ft X 80 pcf X 0.23 X (905 F - 70 F) = 7,350,000 Btu 

If the hood, while still hot from the preceding heat, is placed over a new charge, 
then the quantity of heat to be stored in the hood is, of course, smaller. 

7. Before the heat transmitted through the hood and dissipated by it can 
be found, the heating time must be calculated. The sheets are 3 ft wide, 
which means that heat must penetrate 18 in. from either long side to the 
center. The rule that heat penetrates in. in 5 min would furnish a heating 
time of 12 hr. That rule can, however, not be applied here, for several reasons. 
The rule is based on the assumption that the charge be placed in a furnace 
which is already up to its final temperature. In the sheet-annealing furnace, 
much of the initial heat of combustion goes to heating the hood and the 
annealing box. Furthermore, the corners of the sheets receive heat from two 
sides. Heating must proceed so slowly that the corners are not overheated. 
And, finally, the top layers of the sheets receive heat from above. Heating 
must progress slowly enough to afford time for downward flow of heat from 
the top sheets without overheating the top sheets. Downward flow of heat is 
slow, because the sheets in the top layers contact in spots only. All of these 
heat flows can be determined mathematically, if the time and the money are 
available. Trial runs on similar furnaces have shown, without long calcula¬ 
tions, that a penetration of H In. in 10 min results in uniform heating. For 
this example, the rule furnishes a heating time of 24 hr, which will be used in 
the calculations. It may be noted that the heating time can be short^ined, if 
the top of the annealing box is insulated. 

For the above given reasons (slow heating), the average (with regard to 
space) temperature of the inside surface of the hood must be comparatively 
low, never exceeding the final temperature of the sheets by more than 275 to 
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300 F. With regard to time, the inside temperature of the hood gradually 
rises to a maximum, and then fluctuates up and down, under the action of the 
automatic temperature control. The time average is estimated to be 1500 F. 
Near the beginning of the heating cycle, very little heat passes through and 
out of the hood, because the greater part of the heat flowing into the hood is 
stored in the wall. This heat quantity was computed in item 6. For this rea¬ 
son, heat dissipation from the walls is estimated to take place during 20 hr only. 

The heat-dissipating surfaces are: Sidewalls, 193 sq ft; end walls, 115 sq ft; 
roof, 132 sq ft; bottom ring, 59 sq ft. The lining of the hood consists of 2300 F 
refractory insulating brick, except at and near the burners, where a more 
refractory material is needed. The roof is covered with insulation of varying 
thickness. From Fig. 87, the hourly wall loss for 2300 F brick and for 1500 F 
inside temperature is 280 Btu per sq ft. For the insulated roof, the correspond¬ 
ing value is about 200 Btu per sq ft. The total heat dissipation per cycle then 
equals 20(193 + 115 + 59) X 280 + 20 X 132 X 200 = 2,583,000 Btu. 

8 . Heat lost in outgoing products of combustion. The temperature of the 
products of combustion, at the point where they leave the heating chamber, 
can differ but little from the wall temperature of the hood. Hence, a temper¬ 
ature of 1480 F is used as a time average for calculation. It is assumed that the 
gas will be burned with 5 per cent excess air. Then, from Fig. 114, the heat 
carried out of the furnace per cubic foot of fuel gas equals 355 + 0.05 X 295 
= 370 Btu. Since the lower heating value equals 993 Btu per cu ft, the differ¬ 
ence, or roughly 623 Btu per cu ft, is available for heating. The gas consump¬ 
tion per cycle is the sum of all heat expenditures divided by 623, or 29,625,000/ 
623 = 47,550 cu ft. Dividing this figure by the tons of sheets in the charge 
and multiplying by the local gas rate furnishes the fuel cost of annealing a 
ton of sheets. 

Although several “guesstimates'' were made in the calculation, comparison 
with runs in which the fuel consumption was measured shows that the result 
of the calculation is accurate within 3 or 4 per cent. 

Example 4. A furnace of the design shown in Fig. 139 with internal 
recirculating fan and alloy baffles is arranged with a conveyor comprised of 
two strands of alloy chain and connecting slats. The conveyor passes over 
sheaves at each end and returns under the furnace. Aluminum billets are 
carried by the conveyor and are heated at the rate of 2500 lb per hr to 925 F. 
The weight of the conveyor passing through the furnace per hour is 1000 lb. 
The temperature of the gases recirculating in the furnace is 960 F, and the 
average drop in temperature of the gases is 100 F. Cross section of the 
furnace is shown in Fig. 139, and the length of the furnace is 22 ft. Fuel is 
natural gas. 

Heat in Aluminum. From Fig. 26, heat input to raise 1 lb of aluminum 
from 60 F to 925 F is 212 Btu. 

2500 lb per hr X 212 = 530,000 Btu per hr. 

Heal in Conveyor, The conveyor returns below the furnace, and the time 
of exposure to the air is more than 1 hrs, so that the heat remaining at the 
time the furnace conveyor re-enters the charging end can be neglected. From 
Fig. 27, the heat to the conveyor is 1000 lb per hr X 110 Btu per lb = 110,000 
Btu per hr. 

Heat Loss by Conduction through Walls, It is assumed that the furnace 
operation is continuous throughout the week, and the heat absorption by 
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refractories when starting up is neglected. The mean temperature of the 
hot face of the walls along the length of the furnace is taken as 900 F, and 
the average conducting area, including edges, is taken as the center of the 
walls, bottom, and arch. 



JlDH jOH 


Fig. 139. Cross section of slat conveyor furnace with recirculating fan for heat¬ 
ing aluminum billets. 


9 -in. insulating refractory IR20 and 1-in. block insulation walls and bottom 
at 900 F: 

3 X 4% ft X 22% ft = 329 sq ft 
329 X 90 interpolated from Fig. 87 = 29,500 Btu per hr 
9-in. and 1-in. arch at 900 F: 

2x X^X22K= 115sqft 
o 

115 X 90 = 10,350 Btu per hr 

4J^-in. doors at 900 F: 

2 X 4 X 2 = 16 sq ft (interpolated from Fig. 87) 

16 X 180 = 2890 Btu per hr 

9 -in. insulating refractory IR20 and 1-in. block end walls: 

45 X 90 =* 4050 Btu per hr 
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Total heat through walls: 

29,500 + 10,350 + 2890 + 4050 = 46,790 Btu per hr 

Radiation through Door Openings. The doors at both ends are allowed to 
be open for a height of 12 in. to permit continuous passage of conveyor and 
stock in and out of the furnace. 

Ratio of length to width of opening = 48/12 = 4.0 

Ratio of width of opening to thickness of wall = 12/10 = 1.2 

From Fig. 96, the radiation factor by interpolation is 0.70 

From Fig. 95, the blackbody radiation at 900 F = 40 Btu per (sq in. hr) 

2 X 12 X 40 X 48 X 0.70 = 32,200 Btu per hr 

Heat in Flue Gases. From Fig. 114: 

Higher heating value = 1097 Btu per cu ft of gas at 60 F 

Lower heating value = 993 Btu per cu ft of gas at 60 F 

Sensible heat in products of combustion of 1 cu ft of natural gas, plus 
15 per cent 

Excess air at 960 F (Fig. 114) = 220 + 0.15 X 180 = 247 Btu 
In a furnace of this kind, combustion can be considered to be complete. 

Heat given up by gases in the furnace, per cu ft of fuel = 993 — 247 = 
746 Btu 

Total heat that must be given up by the gases in the furnace = 530,000 to 
aluminum + 110,000 to conveyor + 46,790 wall loss + 32,000 to radiated 
through openings = 721,990 Btu per hr. 

721 990 

Fuel consumption = — . = 970 cu ft per hr 

74b 

970 

Fuel used per lb of aluminum = _ — = 0.39 cu ft 

This is for operation on a 24-hr continuous basis, neglecting heating-up fuel 
over week-ends. A monthly average including week-ends and usual variations 
will be about 0.51 Btu per lb. 


15. DATA ON FUEL CONSUMPTION OF VARIOUS 
TYPES OF FURNACES 

The consmnption of potential heat energy by furnaces varies between 
wide limits with the design of the furnace, with the form of the fuel, 
and with the operation of the furnace. For this reason it is somewhat 
risky to give fuel-consumption data, and experienced furnace engineers 
frown on such data as being misleading. 

Nevertheless, these same furnace engineers carry in their heads 
certain average values to which they, consciously or unconsciously, 
compare the fuel consumptions of furnaces coming under their observa¬ 
tion. In Table 16 are given such average values, with the under¬ 
standing that they are only averages and that the actual fuel con¬ 
sumption of a given furnace may depart considerably from the 
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TABLE 16. Typical Heat Coiuamptioiu of Industrial Furnaces 


Heating for 
Process 

Material to 

Be Heated and 
Approximate 
Temperature 

f 

Tyx>e of Furnace 

Heat Consumption, Btu 
per Net Ton Heated 

Average ' 

Minimum 

Recorded 

Rolling 

Steel, 2150 to 
2250 F 

Continuous, no heat salvage 

2,200,000 

1,600,000 

Rolling 

Steel, 2150 to 
2250 F 

Continuous, no heat salvage, 
hot charge 

1,800,000 

1,400,000 

Rolling 

Steel, 2150 to 
2250 F 

Continuous, recuperator 

1,600,000 

1,000,000 

Rolling 

Steel, 2150 to 
2250 F 

Continuous, regenerator 

1,650,000 

1,100,000 

Rolling 

Steel, 2150 to 
2250 F 

In and out, no heat salvage 

4,400,000 

2,200,000 

Rolling 

Steel, 2300 F 

In and out, regenerative 

3,100,000 

1,600,000 

Rolling 

Steel, 2100 to 
2350 F 

Rolldown, regenerative or re¬ 
cuperative 


1.400.000 

Rolling 

Steel, 2250 

Axial 

3,750,000 


Rolling 

Steel, 2150 to 
2250 F 

Pit furnace, hot charge 

900,000 

330,000 

Rolling 

Steel, 2150 to 
2250 F 

Same, cold charge 

3,800,000 

2,800,000 

Rolling 

Stainless steel, 
2400 F 

In and out, recuperative 

4,200,000 

3,400,000 

Forging 

Steel. 2150 to 
2250 F 

In and out, no heat salvage 

7,000,000 

2,500,000 

Forging 

Steel, 2150 to 
2250 F 

In and out, recuperator 

4,500,000 

2,000,000 

Forging 

Steel, 2150 to 
2250 F 

Rotating hearth 

3,000.000 

2.600.000 

Forging 

Steel, 2150 to 
2250 F 

Continuous 

2,800,000 


Forging 

60" diam. steel 
ingot 

Batch type 14-hr heating time 

23,000,000 


Drop forging 

Steel, 2100 to 
2500 F 

In and out, no heat salvage 

8,000,000 

5,000,000 

Drop forging 

Steel, 2100 to 
2500 F 

In and out, recuperator 

4,500,000 

2,800,000 

Welding 

Steel skelp, 

2500 F 

In and out, regenerator 

5,000,000 

2,600,000 

Welding 

Steel skelp, 

2500 F 

Axial 

4,500,000 

2,800,000 

Annealing 

Steel castings 

Car type 

3,000,000 

1,800,000 

Annealing 

Steel 

Continuous, counterflow 

1,500,000 

1.000,000* 

Annealing 

Steel sheets 

Box annealing 

5,000,000 

3.000,000t 

Annealing 

Steel sheets, 

1300 F 

Box annealing, outer cover 
lightweight brick 

2,200,000 


Annealing 

Tin-plate coils, 
1300 F 

Outer hood of lightweight 
refractory bricks 

980,000 
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TABLE 16—Continued 


Heating for 
Process 

Material to 

Be Heated and 
Approximate 
Temperature 

Type of Furnace 

Heat Consumption, Btu 
per Net Ton Heated 

Average 

Minimum 

Recorded 

Annealing 

Steel sheets, 

1600 F 

Continuous, on rollers and on 
wasters 

1,900,000 

1,000,000 

Anpealing 

Steel wire 

Pot furnace 

4,200,000 

1,700,000 

Annealing 

Steel wire 

Continuous, varies with final 
temperature 

4,000,000 

1,200,000 

Lead-bath pat¬ 
enting 

Steel wire 

Continuous, includes lead bath 

5,500,000 


Rolling 

Steel. 1500 F 

Sheet and pair furnaces 

4,500,000 


Normalising 

Steel sheets 
(auto body) 

Various types of furnaces, 
varies with temperature 

3,400,000 

1,800,0001 

Normalizing 

Steel sheets, 
stainless 

Continuous 

5,000,000 

t 

Normalising 

Steel tubes 

Continuous 

2,200,000 

1 , 200,0005 

Quenching 

Steel 

Batch type 

2,600,000 


Quenching 

Steel 

Continuous 

1,400,000 


Quenching 

Steel 

Axial 

2,600,000 


Drawing or tem¬ 
pering 

Steel 

Batch type, continuous 

1,500,000 

700,000 

600,000 

Drawing or tem¬ 
pering 

Steel 

Axial 

1,200,000 


Carburising (pack 
hardening) 

Steel 

Batch type, continuous, 
counterflow 

8,000,000 

3,800,000 

II 

2,000,000t 

Enameling 

Steel 

Muffle, batch type 

9,000,000 

8,000,000** 

Enameling 

Steel, ground 
coat 

Continuous 

4,500,000 

tt 

Enameling 

Steel, finish coat 

Continuous 

3,300,000 

tt 

Rolling 

Brass 

Continuous, pusher type 

900,000 

700,000 

Rolling 

Copper 

Continuous, pusher type 

1,100,000 

900,000 

Annealing 

Brass 

Batch type 

1,400,000 

1,100,000 

Annealing 

Brass 

Electric, roller hearth 


300,00011 

Annealing 

Copper 

Box annealing, bright 

5,500,000 


Annealing 

Copper 

Continuous bright annealing 

900,000 


Tinning 

Tin plate 

Hot-dip process 

850,000 



Figures are given in Btu per net ton of material heated (and not per ton of stock plus container, if 
any). Most of the data are from the experience of the senior author. Others were furnished by M. H. 
Mawhinney and by the W. S. Rockwell Company. Some were taken from the **Anhalt8zahlen.*’ 
*2:1 ratio of steel to trays. 

11 :1 ratio of sheets to (box plus cover), 
till ratio of sheets to riders. 

S rolled on sloping hearth, without containers. 

I) 1 :2 ratio of steel to (compound plus container), 
t 1 : ratio of steel to (compound plus container). 

^*1:3 ratio of ware to tools, 
ft 1:1 ratio of ware to tools, 
it 10 :1 ratio of brass to pan weight. 
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figures in the table. The lowest fuel consumption will seldom go 
below 60 per cent of the given values; the highest may exceed the 
average values by 100 per cent, or even more in extreme cases. 

Example. The oil consumption of a simple ingot-heating furnace in a 
forge plant is 4,500,000/135,000, which equals approximately 33 gal per net 
ton. The denominator in the fraction is the heating value of the oil (see 
Volume II, Table III). The rate of 33 gal per ton is a good average value, 
but oil consumptions up to 90 gal per ton have been found in flagrant cases. 



chapter 


Heat Saving Methods 
and Apparatus with 
Particular Reference 
to Industrial Furnaces 


1. GENERAL STATEMENTS ON HEAT 
SAVING 

In many industrial heating processes, fuel represents only a very 
small fraction of the total cost of manufacturing. In such cases, fuel 
saving is frequently considered as being not worth while. But there 
are other processes in which fuel represents a considerable item of 
expense. Although fuel is comparatively cheap in the United States, 
its cost is continually rising. For about fifty years, the cost of coal 
rose about 4 per cent compounded each year. Since about 1940, the 
rise in cost has been greatly accelerated. Although the rise in cost 
of oil and natural gas is less spectacular, it is, nevertheless, very 
noticeable. The cost of electric energy also rises because of the in¬ 
crease in the cost of coal, higher wages, and higher costs of equipment. 
In times of a buyers’ market, competition among manufacturers be¬ 
comes so keen that the difference between fuel saving and fuel wasting 
often determines the difference between profit and loss. For that 
reason, heat-saving methods must be given consideration. 

204 
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Heat may be saved by the use of one or more of the following 
methods; , 

(а) Reduction of wall losses, including storage loss. ' 

(б) Application of high-temperature heat to a low-temperature 
charge without loss. 

(c) Preheating of the stock by waste heat. 

(d) Preheating of air or fuel (or both) by waste heat. 

(e) Waste heat boilers. 


2. REDUCTION OF WALL LOSSES 

As mentioned in Chapter 5, flaming out from poorly fitting doors 
is part of the wall loss. Well fitting doors are illustrated in Chapter 7. 

Furnace walls built of insulating refractories and encased in a steel 
shell reduce flow of heat to the surroundings. The loss is still further 
reduced by the insertion of fiber block between the insulating refrac¬ 
tory and the steel casing. 

The walls of tall furnaces are often built of dense firebricks. The 
question then arises: How much can the heat loss be reduced by the 
application of insulation? The answer depends on thicknesses of fire¬ 
brick and of insulation, on type of insulation, and on continuity of 
furnace operation. The manner in which the saving in heat varies 
with three of these variables can be seen from Table 17, which refers 
to wall losses only and not to the total heat consumption of the 
furnace. 


TABLE 17. Reduction of Wall Losses Insulation, Per Gent 

Does not Include Edges: See Below 


Thickness of 
of Firebrick 
Wall in. 

Continuous operation 

1-week 

Cycle, 2J^in. 
Insulation 

1-day Cycle 

6 days per week 
2H-in* Insulation 

2 ^^in. 
Insulation 

5-in. 

Insulation 

4^ 

62 

76 

58 

25 

9 

46 

65 

36 

18 

13M 

38 

57 

20 

14 

18 

35 

53 

15 

12 


The permissible thickness of insulation, in combination with thick¬ 
ness of firebricks is given in Chapter 7. One-week cycle means con¬ 
tinuous operation for 6 days of 24 hr. For 5-day operation, the saving 
is reduced approximately 10 per cent. One-day cycle means 8 to 
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10 hr per day. The tabular values must be reduced somewhat, if the 
wall is thick in comparison with the interior dimensions of the furnace. 
The tabular values apply to those furnaces only which are covered 
entirely with insulation, even under the binding. 

Saving of heat does not necessarily mean saving of money, because 
the fixed charges on the cost of insulation may exceed the cost of the 
fuel that is saved. Although this is seldom the case, it must be taken 
into consideration. 

Another factor that reduces the profitableness of insulation is its 
application to walls that are subject to frequent repairs. Examples 
are furnaces near steam hammers and furnaces that are heated up 
too quickly after a prolonged shutdown. In such furnaces, spalling 
occurs. None of the originally installed insulation can be salvaged 
when extensive repairs are made. 


3. HEAT SAVING IN LOW-TEMPERATURE 
FURNACES AND OVENS 

The fiame temperature of any fuel must be reduced before the 
products of combustion contact the charge. Fulfillment of this com¬ 
mand presents no difficulty in high-temperature furnaces. But if the 
stock is to be heated to temperatures between 800 F and 1300 F, find¬ 
ing a good solution is more difficult. The temperature of products of 
combustion is often reduced by admixture of excess air; the flame is 
^^tempered.^' This frequently used method is convenient but wasteful, 
because the waste gases carry out not only the heat in the products 
of combustion but also the heat in the excess air. 

In low-temperature furnaces, fuel is saved, if the products of com¬ 
bustion transfer part of their heat to the charge by radiation before 
contacting the charge. This principle has been successfully applied 
in the petroleum industry. A flame located in the center of a large 
furnace radiates to pipes that almost cover the surrounding walls. 
The partly cooled gases then contact other pipes. In industrial (metal¬ 
heating) furnaces it was an indifferent success only in the heating of 
sheets. The method, which is now obsolete, requires a tall furnace 
with heat release immediately under the roof. Most of the heat saved 
by this method is lost by increased wall loss. Furthermore, tall fur¬ 
naces are expensive. 

The best method of saving heat in low-temperature furnaces con¬ 
sists in mixing the hot products of combustion with cooler products 
that have already passed over the charge. Mixing may be accom- 
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plished by the jet action of the flame, as in Fig. 7 or by a hot fan as 
in Fig. 10. The method is fully discussed in Cjiapter 3. Jet action is 
discussed in Chapter 8. 


4. UTIUZATION OF HEAT IN FLUE GASES 

The loss caused by sensible heat in the flue gases (the stack loss) is 
illustrated by Fig. 140. The curves are based on fuel and air enter¬ 
ing the burner at room temperature and also on a small percentage 
of excess air. At high temperatures, the loss becomes excessive. The 
desire to reduce the stack loss led to three heat salvaging methods: 

(1) Preheating of cold stock by the flue gases. 

(2) Preheating of combustion air (and of some fuels). 

(3) Steam generation in waste heat boilers. 



FiK. 140. Stack loas as a function of flue temperature and of form of fuel. 

Preheating of cold stock, method (1), was first used in preheating 
chambers, later in some continuous furnaces. If steel is heated for 
forging or rolling, preheating the work blanks in a separate furnace by 
means of the waste gases of the high-heat furnace theoretically saves 
30 per cent of the fuel. Nevertheless, this method is not practiced in 
the United States, because of first cost and of cost of labor. 

(a) Preheating of Stock. Preheating furnaces (usually pre¬ 
heating pits) are in use for preheating ingots or large forging billets 
of tender steels. Such pieces are heated slowly to prevent cracking of 
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the ingots. However, the pits are fired separately, and not by waste 
gases from the high-temperature furnace. Separate slow heating per¬ 
mits better control of temperature than heating by waste gases. 

Preheating of stock by waste gases is widely practiced in the forg¬ 
ing and hardening of tools. A furnace serving this purpose is illus¬ 
trated in Fig. 17. Its use is limited to the heating of pieces that can 
be lifted and handled by a man. 

Theoretically, a continuous furnace of the pusher type or of the 
doughnut type can be so operated that it saves fuel. If the rate of 
heating in poimds per (sq ft, hr) is low, most of the heat is imparted 
to the stock at the hot end, and the products of combustion can pre¬ 
heat the slowly moving work blanks. This simple theory is upset by 
heat losses through walls and to water-cooled parts and, above all, 
by investment costs and labor costs. The decision whether or not it 
pays to operate a continuous furnace as a fuel saver (by preheating 
the entering stock) depends on many circumstances, such as cost of 
fuel, return on the investment, floor space, permissible rate of heating, 
temperature uniformity in heated stock and still others. The calcu¬ 
lations given in Chapter 5 are helpful in this connection. 

(b) Fuel Saving by Preheating of Combustion Air. The second 
method of improving the economy of combustion-type furnaces con¬ 
sists in utilizing the heat of the stack gases for the preheating of com¬ 
bustion air, of fuel, or of both. 

In connection with this method, three questions are of practical 
interest, namely: (1) What fraction of the fuel can be saved by the 
preheating, to a given temperature, of either the fuel or the air? 
(2) What type and what area of heating surface are required to secure 
the desired preheat? (3) Under what conditions is it advisable to use 
preheating devices? Answers to the first two questions are given in the 
present chapter; an answer to the third question is given in Volume II. 

The fraction of the fuel that can be saved by the preheating of the 
combustion air can easily be computed by a method which will become 
clear from a study of Fig. 141. In that diagram, Q + H ^ heat pro¬ 
duced by combustion of unit quantity of fuel; Q = heat carried off 
by the products of combustion, including 5 per cent excess air (per 
unit quantity of fuel), while H = heat left in the furnace by the 
products of combustion. The higher the temperature of the flue gas, 
the greater Q and the smaller H. For the preheating of 105 per cent 
of that quantity of air which is needed for the combustion of unit quan¬ 
tity of fuel to a given temperature, P heat units (see illustration) are 
needed. It is evident that H is the heat utilized when there is no pre- 
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heating, and that ^ + P is the heat utilized when there is preheating. 
Hence, the fuel consumptions are proportional tp 1/H and 1/ (H + P), 
while the relative fuel saving (saving divided by the quantity used 
before saving) equals 

1 1 
H H + P 


H 

It should be noted that Fig. 141 and equation 22 are based on pre¬ 
heat by the flue gases only, and do not include preheating by passing 
the air along hot furnace walls. 


H 

H + P~ H-{-P^ H 


( 22 ) 
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Fig. 141. Illustration of method of computing saving of fuel due to preheating 
of air. 


The fuel saving that is indicated by equation 22 was calculated for 
rich fuels, such as natural gas, oil, or coal (see Fig. 142), and for lean 
fuels, such as raw producer gas (see Fig. 143), on the basis of the 
values given in Figs. 110, 111, and 116. At first glance it may appear 
surprising that the relative saving for a given temperature of preheat 
is greater when the flue-gas temperature is high than when it is low. 
However, the reason for this fact is very evident from the diagram. 
Fig. 141. 

A similar reasoning may be followed if both the gas and the air are 
preheated; but, since the method of preheating both the gas and the air 
is now seldom followed in heating- or aimealing-fumace practice, no 
calculations are offered here for that case. An additional effect, which 
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Fig. 142. Saving of fuel oil (or coal) caused by preheating of air 


Say/nq in Foe/ Con^ompHon 



o 4C0 8 M 7ii»0 

Temperature of i^eheatee/ Air—Peg. Fahr 


Fig. 143. Saving of producer gas caused by preheating of air, 
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is very important but rather intangible, is not shown in Figs. 142 and 
143. It is caused by the preheating of combustion air and consist^ 
in quicker combustion. 

With burners of usual design some excess air is needed to complete 
the process of combustion in the furnace, if the air is cold. If the 
air is hot, very little, if any, excess air is needed. A builder of recu¬ 
perators, for that reason, increased by 5 per cent the savings that are 
read from Figs. 142 and 143. Preheated air shortens the flame and 
causes the so-called flame to become invisible if the air temperature 
is high enough. The quick combustion concentrates the heat near the 
burner and does not produce that long flame which extends all the way 
across the hearth. This may be corrected by working with a higher 
velocity in the burners. In either case the gases are clear, non- 
luminous unless the air temperature exceeds 1200 F. In that case, 
hydrocarbon fuels are partially cracked in the burner. 

It should be noted that Figs. 142 and 143 refer only to furnaces 
having a constant temperature all over the hearth. They do not refer 
to those front-fired continuous furnaces that carry a drooping tem¬ 
perature. 

Referring again to Figs. 142 and 143, it may be seen that very con¬ 
siderable fuel savings can be effected by preheating the combustion air, 
especially for furnaces in which high temperatures exist. The extent 
to which these figures can be realized and the difficulties in the path 
of such realization are mentioned in Chapter 7 and are discussed in 
Volume II. 

(c) Recuperators.* In Chapter 1 it was shown that the two exist¬ 
ing types of preheating devices are the recuperator and the regenerator. 
Proof is given later that, for all practical purposes, the calculations for 
a regenerator are identical with those for a counterflow tile recuperator. 
For that reason, recuperators are considered first. 

Recuperators may be subdivided into three classes, according to the 
flow of the stack gases and of the air, although combinations of the 
classes are often found. The three types, counterflow, parallel-flow, 
and cross-flow, are diagrammatically shown in Figs. 144,145, and 146. 
For the first two types, the distribution of temperature along the path 
of the gas and air flow can be represented graphically in a rather 
simple manner (see Fig. 147), but for the cross-flow, the diagram must, 
of necessity, be more complex. It is, in a measure, represented by 

♦ In this section, the term “recuperator” is applied to those heat exchangers in 
which the heat flows in a steady stream through a wall, it being understood (see 
page 12) that three or more regenerators used in rotation can be applied to 
recuperative furnaces. 
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Fig. 148. Only average temperatures (referring to up-and-down loca¬ 
tion) are shown, because the temperatures in and around the tubes 
vary from top to bottom. 



COUNTER FLOW TYPt PARALLEL FLOW TYPE 

Fig. 144. Counterflow recuperator. Fig. 145. Parallel-flow recuperator. 

It may be readily observed from the illustrations that the counter¬ 
flow type allows the highest temperature of preheat to be reached, 
whereas the parallel-flow type gives the lowest maximum temperature 


stack Gases 


Fig. 146. Cross-flow recuperator. 


CROSS FLOW J\PL 

of the recuperator walls. For that reason it is sometimes used in con¬ 
nection with metallic recuperator walls, the temperature of which must 
be kept comparatively low. In some designs a combination of these 
types is adopted. The cold air is first caused to circulate around the 
hot end of the tubes or plates in order to keep them cool, and then is 
by-passed to the cold end, whence it flows with a combination of cross- 
flow and counterflow toward the hot end again. 

If the coeflScients of heat transmission were constant, the curves 
in Fig. 147 would be logarithmic. But it was shown in Chapter 2 that 
there is considerable variation in the value of the coefficient, depending 
on the temperature of gas and air, the density and velocity of gas and 
air, after-burning, radiation, leakage and the character of the heat¬ 
exchanging surface. Rigorous mathematical treatment of the problem 
of heat transmission in recuperators is, in consequence, out of the 
question, and approximate methods must be used. In view of addi¬ 
tional variables entering into the problem, the necessity of approxima¬ 
tion is no drawback, but is probably a blessing in disguise, because it 
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keeps engineers from the erroneous belief that recuperators or regener¬ 
ators can be calculated with precision. , 



Length off^ocuporator — 


Fig, 147. Temperature distribution in recuperators. 


The general equation for heat transmission in recuperators is: 
(weight of gas flowing in unit time, multiplied by temperature drop 
of flue gas, multiplied by average specific heat of flue gas) equals 


Fig, 148, Temperature distribution 
in a cross-flow recuperator. 





Dfrection of Air Flow 



(heating surface, multiplied by average heat-transmission coefiBoient, 
multiplied by mean temperature difference between flue gas and air) 
equals (weight of air flowing in unit time, multiplied by temperature 
rise of air, multiplied by average specific heat of air); or, with the 
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notation of Fig. 149:* 

W„ X (Tu - T2g)Xc„ = AXkX (T/ - Tj) 

-=WaX (T2a - Tla) X Ca (23) 

Applied to existing recuperators, the equation furnishes values of 
the heat-transmission coefficient fc. For new recuperators, it deter¬ 
mines the necessary amount of heating surface. 



Fig. 149. Temperature relations in a counterflow recuperator. 


In either case, the recuperator must be free from leaks, if the results 
are to be trustworthy. The effect of leaks and of heat loss from the 
walls are discussed later. 

The coeflScient fc, common units for which are Btu per (sq ft, hr, F), 
is the reciprocal of a resistance, which fact may be expressed by the 

1 

Rg -f- Ry, -j- Ra 

resistance from flue gas to wall = ^ 

ICg 

resistance to heat flow through wall == ^ 

iCy) 

resistance from wall to air = ~ 

ka 

♦In a cross-flow recuperator (Figs. 146 and 148), T 20 is the temperature of that 
portion of the flue gases which leaves the tubes in the center of the tube bank; 
T 2 a is the temperature of the preheated air beyond the middle of the last tube. 
The heat-exchanging surface required by a cross-flow recuperator is greater than 
that required by a counterflow recuperator, for equal heat transfer. For a given 
heat-exchanging area, the heat transfers of parallel flow, cross-flow, and counter¬ 
flow are roughly as 2 to 2.8 to 3, under average conditions. 


equation k = 
where Rg = 
Rw = 
Ra = 



215 


VdUaaUon of Heat in Flue Gases 

The transfer of heat has already been discussed in Chapter 2 but needs 
amplification here. On the air side, heat transfer from the separating 
wall to the air takes place almost entirely by convection, the radiation¬ 
absorbing capacity of the small amount of water vapor present in the 
air being practically zero. The coefficient of heat transfer by convec- 



Fig. 150. Heat transfer by convection. Lower scale applies to all gases. Upper 
scales apply to air or to flue gases of same density as air. 

tion increases rapidly with the mass velocity, i.e., the product of 
velocity times density of the air or gases, but is practically independent 
of the temperature. In Fig. 150 are given data on convective heat 
transfer, for flow along flat surfaces, through the inside of tubes, and 
across tube banks. For flat surfaces, the coefficient can be closely 
approximated by the straight-line equation 

ka = 1.0 + 2.71qc (24) 

where ka — coefficient of heat transfer from flat surface to air, Btu per 
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(sq ft, hr, F); q « density of air, pounds per cubic foot; and c — 
velocity of flow, feet per second. 

Fig. 150 also contains information on the heat-transfer coefiicient 
from tube walls to air. The coefiicient is proportional to the reciprocal 
of the fourth power of the tube diameter. This means that the heat- 
transfer coeflScient in a 1-in. tube is = 1.4 times as great as it is 
in a 4-in. tube. For each tube diameter a sufficiently close straight- 
line approximation can be devised. 

For convective heat transfer from the products of combustion to the 
separating wall of the recuperator, practically the same relations hold. 
In addition, however, heat is transferred by gas radiation, which often 
far outweighs the effect of convection. As mentioned in Chapter 2, 
the coefiicient of heat transfer by gas radiation is independent of the 
velocity of flow, but varies with the temperature of the gases, their 
composition, and the thickness of the gas layer. The values given in 
Fig. 43 are averages for the products of combustion, without excess air, 
of the rich fuels such as natural, coke-oven, or city gas, and oil or tar. 
They apply almost exactly to oil fuel; for the other rich fuels men¬ 
tioned the radiation is 10 to 15 per cent greater, while for producer 
gas it is 5 to 10 per cent less, and for blast-furnace gas, 20 per cent 
less. The values must be multiplied by the radiation-absorption factor 
(emissivity) of the solid surface, usually 91 per cent for clean brick, 
tile, or rough iron surfaces and 0.70 for glazed brick surfaces. 

For thicknesses of gas layer usual in recuperators and regenerators 
an increase (or decrease) of 1 per cent in the CO 2 content from the 
value of 12 per cent given in Fig. 43 raises (or lowers) the gas radia¬ 
tion about 1 per cent, whereas an increase (or decrease) of 1 per 
cent in the H 2 O content raises (or lowers) the gas radiation about 
1% per cent. 

A few examples will illustrate the method of calculating the overall 
coeflBicient of heat transfer, which, as previously stated, has the form 


k = 


1 

Rg -f- Rw Ra 


(25) 


Example 1. Let flue gases having an average temperature of 1600 F flow 
in a passage 2 in. wide along one side of a flat recuperator wall with a velocity 
of 20 fps, while air at an average temperature of 300 F flows along the other 
side of the same wall at a velocity of 30 fps. What is the resulting heat-trans¬ 
fer coefficient? 

If the wall is of metal, its resistance R^ is so small that it can be neglected. 

The air at 300 F and 30 fps has the same mass velocity as air at 60 F moving 
with a speed of 


460 + 60 
460 + 300 


X 30 = 20,5 fps 



217 


VtUiMotion of Heat in Fine Gate* 

Then, from Fig. 150, the'value of k for flat surfaces is 5.2 Btu per (sq ft, hr, F). 
The flue gases at 1600 F and 20 fps have a mass velocity the same as gases 
460 + 60 

60 F moving at ... , X 20 = 5.05 fps; from Fig. 150, the corresponding 
4oU -r low 

convection coefficient is 2.12 Btu per (sq ft, hr, F). The gas radiation coeffi¬ 
cient for 2-in. thickness of gas layer and 1600 F from Fig. 43, is 3.0, which 
must be multiplied by the absorption coefficient of 91 per cent for the rough 
metal wall, giving 2.73 Btu per (sq ft, hr, F). 

kg = 2.12 convection + 2.73 gas radiation = 4.85 

Then, 

jc — _—1—_ ~ 2.50 Btu per (sq ft, hr, F) 

^■’'185 

for heat flow through a metallic wall. 

Example 2. In a tile recuperator, velocities are lower. In such a recu¬ 
perator let the air velocity equal 10 fps, and let the air have an average 
temperature of 900 F; the flue gas travels at 6% fps in passages of 6-in. width 
and has 1600 F average temperature. The recuperator wall of fireclay is 1 in. 
thick, having a conductivity of 0.75 Btu per (ft, hr, F); then, 

ka = 1.9 (from Fig. 150) 

kg = 1.4 + (4.8 X 0.91) = 5.7 (from Figs. 150 and 43) 

k = j-j- = 1.23 Btu per (sq ft, hr, F) 

si? 12 X 0.75 L9 

As may be expected, the greatest resistance of the three contributing resist¬ 
ances largely determines the overall heat-transferring ability of the com¬ 
bination. 

It is appropriate to mention at this point that at times the heat- 
transmission coefficients obtained from tests will be much higher than 
those obtained from Fig. 150 or from a calculation. Radiating solid 
matter in the products of combustion is responsible for the increase in 
heat transmission in some cases, but, more often, delayed combustion 
continuing in the recuperator causes an apparent rise in the heat-trans- 
mission coefficient. The rise is apparent only because heat which is 
generated in the recuperator by combustion causes the true tempera¬ 
ture difference to be higher than the one used in the calculation. In¬ 
direct heating surfaces (not included in the calculation) also increase 
the apparent coefficient of heat transfer. Again, other tests indicate 
lower values of heat transmission than those indicated in Fig. 160. 
Several reasons may underlie an apparent reduction in heat transfer. 
There may be leakage between stack gas and cold-air ducts; in that 
case, the stack draft pulls partly preheated air into the stack, with 
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the result that the stack gases are cooled and partly preheated air is 
lost. Again, there may be either infiltration of cold air into the furnace 
or discharge of hot gases from its door or cracks. In either case, the 
actual weight of flue gas differs from the weight theoretically required 
for combustion, and errors of calculation are likely to result. 

On the air side, the heat-transfer coefiicient grows with the velocity 
of flow of the air. It is therefore desirable, in order to reduce the size 
of the recuperator, to pass the air through at high velocities, wherever 
this is practicable (up to the speed at which the increase of cost of 



Fig. 151. Recuperator tile with in¬ 
direct heating surface. (1) indicates 
direct heating surface, the other num¬ 
bers indirect heating surface. 


power for moving the air against the corresponding pressure, balances 
the reduction of cost of the recuperator). On the flue-gas side, however, 
this rule does not hold; an increase of velocity, although it increases the 
convective heat transfer, requires that the gas passages be reduced in 
width (for a given quantity of gases), and thereby decreases gaseous 
radiation. The net result may actually be a decrease of the total heat- 
transfer coefficient on the gas side; thus in the previous examples, 
tripling the gas velocity reduces kg by 15 per cent, instead of increas¬ 
ing it. 

The best design of recuperator, therefore, from a heat-transfer stand¬ 
point, is that in which the flue gases travel slowly in large passages, 
while the air is passed through at high velocity. In metallic recuper¬ 
ators the latter requirement is easily fulfilled, but in tile recuperators 
the joints cannot be made and kept tight, in spite of the greatest care, 
and even a slight excess of pressure of the air over that of the gases 
causes excessive leakage. It is best, then, in tile recuperators, to keep 
both air and gas velocities low, and try to make up for the reduced 
convection heat transfer by providing secondary or indirect heating 
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Pressure drop in moving air through recuperator tubes, 
inches of water (friction plus velocity head) 

Fig. 152. Heat-transfer coefficient from recuperator tubes to air, as a fimction 
of pressure drop. 

surface inside the air passages. An example is shown in Fig. 151. The 
surfaces of the partitions receive heat by radiation from the outer walls 
of the passage and transmit it to the air by convection. Calculation 
shows that at the hot end of the tile recuperator, 1 sq ft of this indirect 
heating surface is equivalent to 0.53 sq ft of direct heating surface, 
whereas at the cold end it is equivalent to 0.27 sq ft of direct heating 
surface. On the average, therefore, the ribs or partition walls increase 
the overall effectiveness of heat transfer from gases to air by about 
40 per cent. 

For the purpose of furnishing a general conception of the relation 
between pressure drop and heat-transfer coefiScient, Fig. 152 is offered. 
Variations in recuperator design do not permit this relation to be in- 
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variable for all recuperators, and deviations from these values are 
found in practice; but they are sufiSciently accurate for estimating the 
heat-transfer coefficient that can be expected for a given pressure drop 
of the air in passage through the recuperator. 



D ♦' ictnt^raiure rise ui dir 

natIO temperature difference between flue gas and air 

Fig. 153. Heating surface required in metallic recuperators, as related to 
pressure drop in inches of water. 

Based on the values of Fig. 152, the curves of Fig. 163 show the 
amount of heating surface required for a recuperator, as related to the 
available pressure drop of the air and the desired temperature rise of 
the latter. The curves are based on an average value of 4.6 for the 
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heat-transfer coefficient on the gas side. This cannot, of ooursei be 
correct for all conditions, but it is a fairly representative value. , 
The use of Fig. 153 will be illustrated by an example: 

Example. The combustion air for a furnace burning 20 gal of oil per hr 
is to be heated from 60 to 500 F. Furnace temperature 2200 F. A pressure 
drop of 1 in. of water can be allowed in the recuperator. What area of heat- 
transmitting surface is required in the (metallic) recuperator? 

The amount of air required is 14.068 lb per lb of oil 5 or 95 lb per gal, or 

95 X 20 X 13.08 cu ft per. lb air ... . 

- ss 414 cfm 

60 

The gases will probably enter the recuperator at 2000 F. They drop about 
7/10 degree for each degree rise of the air; hence the gas leaving temperature is 

2000 - A (500 - 60) = 1692 F 

Mean temperature difference between gases and air 

2000 - 500 + 1692 - 60 , _ 


Ratio 


Temperature rise 
Mean temperature difference 


500 - 60 
1566 


= 0.28 


The required heating surface from Fig. 153 is 110 sq ft per 1000 cu ft of free air 
per min, or 


414 cfm 
1000 


X no « 46 sq ft 


From Fig. 153 it may be seen that, as the pressure drop is increased 
more and more, the recuperator size is reduced more and more slowly. 

At first thought it might appear that it does not pay to increase the 
pressure drop in the air passages beyond 2 in. of water column. Actu¬ 
ally, metallic recuperators are designed for a pressure drop of 5 to 
8 in. of water column, for the purposes of reducing the first cost and 
of protecting the heat-transmitting wall. 

The following facts must also be considered: The heating rate in the 
furnace may at times have to be increased beyond the normal rate; for 
this purpose the fuel and air fiow have to be boosted. The pressure 
drop grows as the square of the air fiow; and, since fans, which usually 
supply the air, are sharply limited in the pressure they can generate, 
the desired increase in air fiow cannot materialize, unless the normal 
pressure drop through the recuperator is much smaller than the pressure 
which the fan can generate. 

The actual calculation of that recuperator heating surface that is 
required to heat the combustion air for a given furnace to a given 
temperature is more or less tedious, even if the relation of Fig. 153 is 
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used. For that reason, three graphs, for counterflow metallic recupera¬ 
tors, are offered in Figs. 154 to 156, by which such calculations are 
rendered unnecessary, except for checking purposes. 

The temperature relations underlying the calculation of Figs. 154 to 
156 are illustrated in Fig. 149, already referred to. The general equa¬ 
tion for the calculation of recuperators had already been given on 



of Prohoot - oto^ r 

Fig, 154. Recuperator surface required for furnaces using powdered coal or 
fuel oil. The curves are strictly for coal. As the calculated curves for oil 
coincide almost exactly with those for coal, no separate chart for fuel oil has 
been shown. 


page 214 as equation 23. On the basis of straight-line relations, the 
active temperature difference equals 

Tj - 7V = + T2p) - + T2a) (26) 

As a rule, that heating surface A is to be determined that is required 
to heat a given weight of air per hour {Wa)y having a mean specific 
heat Cpay from an initial temperature Tio to a final temperature T 2 a- 
Then, 

WaCpa{T 2 a ^ Tla) = WgCpg{Tlo — T20) 

from which 

Tx, - T2, = (T2„ - Txa) 

rV gCpg 

and finally 

If W c 

Q = iraCpa(T2a-Tla)=fcA-l 2Tx,-Tl.-T2a-iT2a-Txa)^^^" j 27) 
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Fig. 155. Recuperator surface for furnaces using producer gas. 



Fig. 156. Recuperator surface for furnaces using coke-oven gas. This chart can 
be used also for natural gas, by adding 5 per cent to the areas. 

This equation is easily solved for the heating surface A, The solution 
for the final air temperature T 2 a is more cumbersome. Instead of 
hourly weights of flue gas and air, in connection with weight-specific 
heats, hourly volumes, referred to standard conditions, can just as well 
be used, provided that volume-specific heats are used. 
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The supposedly more correct logarithmic equation is 


Q = kA 


(Tig — T 2 a) — (T20 — Tla) 



( 28 ) 


In order to solve for A, we must eliminate T 2 g. This is done, as previ¬ 
ously, from 


Tig — T2g = 


(T2a - Tla) 


a Cpa 
WgCpg 


The algebraic substitution is cumbersome. In each individual case 
it is easier to compute T 2 g from the last equation and to substitute its 
numerical value in the logarithmic equation. 

For computing the recuperator surface, the heat to be transferred 
through that surface must be known. It is determined as follows: 
For a given furnace, the hourly fuel consumption is determined as was 
shown in Chapter 5. However, preheated air is used in the calcula¬ 
tion, whereby the fuel consumption is correspondingly reduced. The 
hourly flow of air and of flue gas is thus established. Multiplying 
hourly air flow by desired temperature rise of air and by mean specific 
heat of air furnishes the heat to be transferred through the recuperator 
walls each hour. 

Figures 154 to 156 are of interest to the furnace engineer who, from 
his calculations knows the quantity of heat that is to be left in the 
furnace per hour (heat to charge, wall losses, heat to water-cooled 
parts, etc.). But the builder of recuperators is interested in calculat¬ 
ing the recuperator surface from the cubic feet of air that are to be 
heated per minute to a given temperature. This latter figure can be 
derived from Figs. 154 to 156 in the following manner: 1,000,000 Btu 
(* heat left in furnace) = combustion heat -h heat in air — heat in 
waste gases. In developing the relation, the premises are the same 
as before, namely 10 per cent excess air, and 80 per cent of the com¬ 
bustion air is preheated. Since the calculations are approximations, 
the specific heat of gases is taken to be 0.25. 

For the purpose of this calculation, let 


N = number of fuel units per hour 
L == lower heating value of fuel per unit 
Wa = pounds of air per unit of fuel for perfect combustion 
Wg == pounds of flue gas per unit of fuel with perfect combustion 

NL + 0.8 X 1.1 X 0.25W^a(ra - 60) 

= 1,000,000 + 0.25iV(0.1Tra + Wg){Tg - 60) 
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^ _ 1,000,000 _ 

L + 0.22Tr.(r« - 60) - 0.26(0.1ir, + W,)iT, - 60) 

Volume of air heated per minute 

0.8 X 1.11F„ X 13 X AT 


cfm = 


60 


Substitution for N furnishes B, cfm of air preheated for 1,000,000 Btu 
per hr left in furnace 

_ 192,500TV„ _ 

L + 0.22TF„(r„ - 60) - 0.25(0.1TVa + W,)(T, - 60) 


K .4 is the recuperator surface per 1,000,000 Btu read from Figs. 154 
to 156 and if B cfm are needed per 1,000,000 Btu, then the recuperator 
surface needed to heat 1000 cfm is 1000.4/B, which equals 


Multiplier = 


L + 0.22Wa(Ta - 60) - 0.25(0.1TV, + W,)(T, - 60) 
192.5F'„ 


Example. From Fig. 154 (fuel oil) select = 800 F and Tg = 2000 F, 
then the multiplier equals 

17,340 + 0.22 X 13.57 X 740 - 0.25(1.36 + 14.57)1940 
192.5 X 13.57 


which equals 4.56. Then recuperator area (sq ft per 1000 cfm) equals 55 
(from Fig. 154) x 4.56 = 250 sq ft. 

It may again be mentioned that Figs. 154 to 156 were plotted for 
an overall coefficient of heat transfer equal to 2.5. If the coefficient 
equals 5.00, only half of the indicated area is needed. 

As previously stated, straight-line relations were used to obtain 
equation 26 and for computing the graphs of Figs. 154 to 156. Check¬ 
ing calculations were made to ascertain how the results would vary, if 
the logarithmic relation had been adopted for calculation. The differ¬ 
ence was found to be negligible except in that region where Tia ap* 
proaches Tig very closely. In that region, recuperators become im¬ 
practicably large and expensive; this means that for all practical 
purposes, the straight-line relation gives sufficiently accurate results. 

The heating surface represented in the diagrams (Figs. 154 to 156) 
was calculated on the basis of an overall heat-transmission coefficient 
of 2.5 Btu per (sq ft, hr, F). This value is easily attained in metallic 
recuperators. At this point it may be well to discuss the heat-transfer 
coefficients actually obtained in recuperator tests. Makers of recuper¬ 
ators sometimes claim to obtain coefficients of 5 to 10. Although 
it is true that, owing to the causes mentioned on page 217, apparent 
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values higher than 2.5 are sometimes obtained, it is unsafe to design 
recuperators of conventional types on the basis of these figures. In 
very carefully conducted tests of recuperators, in which the air and gas 
were metered and the gas temperatures were measured with aspiration 
pyrometers, the highest coefficients found by the authors were: for a 
cast unit recuperator, surrounded by brick walls which acted as indirect 
heating surface (not included in the area on which the coefficient was 
based), and exposed to some direct radiation, 4.7; for a tubular recu¬ 
perator, with the air passing through at high velocity, 5.3; and for a 
silicon carbide recuperator with ^^corebusters^’ (indirect, not-included 
heating surface), 3.2 Btu per (sq ft, hr, F). The only recorded case in 
which a coefficient much higher than 5 was obtained in a careful test, 
was that of a recuperator in which the tubes were fully exposed to 
direct radiation from the interior of a high-temperature furnace. Such 
a recuperator, however, cannot be classed as a heat-saving device, 
because it takes useful, high-potential heat directly from the heating 
chamber, instead of extracting waste heat from the flue gases. 

On the other hand, the coefficient is often found to be lower than 2.5. 
In addition to the reasons mention^ on page 217, there is the effect of 
losses from the walls, and of deposits of dust and soot on the surfaces, 
as well as glazing or slagging in the case of tile recuperators. With 
oil fuel, instances have been known where the tubes became practically 
choked with soot after several months^ operation. Some oils contain 
a small amount of saltwater (calcium sulphate), .which is atomized 
with the oil and is evaporated. The salt deposits itself on the recu¬ 
perator surfaces and reduces the rate of heat transfer. 

Summing up, it may be stated that the heat-transfer coefficients in 
recuperators lie within the following ranges: 


Type of recuperator 

Clay tiles 

Silicon carbide with vortex corebusters 
Metallic, with low air velocity 
Metallic, with high air velocity 
Metallic, with high air velocity and with projections 
or flns which are not included in (calculation) heat> 
ing surface 


Btu per (sq ft, hr, F) 
0.4 to 1.7 
3 to 5 
2 to 3.5 
3.5 to 5.5 


7 to 10 


The curves can be used with reasonable accuracy for temperatures 
of entering air other than 60 F, by reading from values of preheat and 
of furnace temperature diminished by the difference between entering 
air temperature and 60 F. For instance, if the furnace temperature 
equals 2000 F, and preheat 1000 F, and air enters the recuperator at 
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160 F, read heating-surface requirement from the chart by interpolat¬ 
ing for 1000 — (160 ~ 60) ** 900 F preheat and 1900 F furnace tem¬ 
perature. 

The areas of the recuperator surfaces shown by the charts are mini¬ 
mum values unless higher coefficients of heat transfer are obtained. In 
practice, larger surfaces must be provided for several reasons: part of 
the flue gases escape around the furnace doors; heat is lost by radiation 
from the outer surface of the recuperator; combustion is not perfect; 
there is leakage and drop of temperature of preheated air between 
recuperator and burner; true countercurrent conditions do not exist. 
Twenty-five per cent excess area will provide a good margin of 
safety. 

The heating surfaces represented in the diagrams (Figs. 154 to 156) 
apply to furnaces requiring 1,000,000 Btu per hr. This figure repre¬ 
sents the difference between the sensible heat of the fuel mixture plus 
combustion heat, and the sensible heat in the products of combustion 
(at the point of leaving the furnace) per hour. It also represents that 
hourly heat quantity that is necessary to heat the stock and the fur¬ 
nace walls, and to cover heat losses of all sorts, such as losses to the 
walls, to cooling water, and radiation through openings. If the recu¬ 
perator is to be used for a furnace requiring H Btu per hr, then the 
heating surfaces obtained from the curves must be multiplied by 
H/1,000,000. 

The following examples will illustrate the use of the charts: 


Example 1. An oilflred furnace operating at 2300 F and burning 30 gal 
of oil 5 per hr is to be equipped with a recuperator to preheat 80 per cent of 
the combustion air to 600 F. The flue gases contain 2 per cent CO and 2 per 
cent H 2 . How large an area of recuperator surface is required, if the gases 
reach the recuperator at 2200 F? 

From Fig. 142, the reduction of fuel consumption to be expected is 18 per 
cent. The heat developed by combustion is 18,830 Btu per lb of oil (lower 
heating value). The heat taken in by the preheated air is 80% x 1700 =* 
1360 Btu per lb oil. The sensible heat in the waste gases « 9550 Btu, and 
the loss by incomplete combustion (no excess air) is 2040 Btu. The heat left 
in the furnace is 18,830 + 1360 — 9560 — 2040 «= 8600 Btu per lb of oil, or 
8600 X 6.75 lb per gal x 30 x 82% «= 1,430,000 Btu per hr. From Fig. 154, 
the heating surface required is 37 sq ft per million Btu per hr left in the 
furnace (useful heat plus wall losses). 


1,430,000 

1,000,000 


X 37 = 53 sq ft 


Allowing 25 per cent as a margin gives 66 sq ft as the surface required in the 
recuperator. (After-burning may, in some cases, allow the same preheat to be 
obtained with a considerably sinaller surface, but metallic recuperators sub¬ 
jected to after-burning usually last only a short time.) 
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Example 2. A tile recuperator of 600 sq ft area, connected to a coke-oven 
gasfired furnace using 2,500,000 Btu per hr (useful heat plus wall losses) pre¬ 
heats the combustion air to 1400 F, the gases entering the recuperator at 
2200 F. A duplicate furnace is planned, and it is proposed to install a recu¬ 
perator of the same type but of 800 sq ft area. What preheat temperature 
may be expected from this larger recuperator? 

From Fig. 156, the required heating surface is 152 sq ft per million Btu, or 
380 sq ft total, based on a coefficient of 2.5. Hence the effective coefficient 
must be 380/600 x 2.5 *= 1.59 Btu per (sq ft, hr, F). If this same coefficient 
applies to the large recuperator also, then the equivalent area for 2.5 Btu 
(corresponding to Fig. 156) would be 1.59/2.50 x 800 = 508 sq ft, or 508 x 
1,000,000/2,500,000 = 203 sq ft per million Btu. By interpolating in Fig. 156 
to find the intersection of the 203 sq ft line with the 2200 F furnace tempera¬ 
ture curve, the preheat is found to be exactly 1600 F, or 200 F more than in 
the smaller recuperator. 

In this example, the reduction of the quantity of air to be heated, due to the 
decrease of fuel consumption corresponding to the additional preheat, has not 
been taken into account, but the error caused thereby is negligible. 

Ceramic as well as metallic recuperators have advantages and dis¬ 
advantages. In ceramic recuperators, very high air temperatures can 
be attained, but the probability of leakage prevents delivery of com¬ 
bustion air to the burners at any desirable pressure. And leakage is 
harmful, as explained below. Before 1940, many failures of metallic 
recuperators were reported whenever it was attempted to obtain high 
air temperatures in connection with furnaces that carried temperatures 
of 2200 F or higher. Improvement in the design and the use of more 
suitable metallic materials have practically eliminated failures. 

With ceramic recuperators, it is difficult to maintain the optimum 
fuel-to-air ratio, because leakage varies with time. Frequent analysis 
of the heated combustion air and of the furnace gases is helpful in 
discovering leaks and in maintaining the correct fuel-to-air ratio. 

Design features and economies of recuperation with intermittent 
operated furnaces are discussed in Volume II. 

For the sake of completeness, the term ^^pickup^’ which has crept 
into recuperator language must be explained. This term, which is 
usually expressed in per cent, means the actual rise of air temperature 
to the maximum possible rise of air temperature. With the notations 
of Fig. 149, the pick-up is (T 2 a — T^a)/{Tu — Tu). Builders of 
recuperators limit themselves to a pickup ratio of 60 per cent. They 
go up to 75 per cent whenever fuel is very expensive. Figures 154 
to 156 teach that high pickup ratios result in very large and expensive 
recuperators. 

Some of the difficulties that are inherent to recuperators are avoided 
by regenerators, the theory of which will now be developed. 
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(d) Regenerators. A general view of a regenerator is given in 
Fig. 19. A clearer view is shown in Fig. 157. 

Regenerators were originally invented, not for the purpose of heat 
salvage, but for the purpose of raising flame temperatures to high 



Fig. 157. Heat regenerator. 


levels, so that industrial processes requiring very high temperatures 
could be carried out. Regenerative furnaces, for reasons explained 
in Volume II, have a rather limited application in the field of industrial 
heating of metals. If, in spite of this fact, a great deal of space is 
devoted to regenerators in the present volume, it is because there exists, 
at this writing, no easily understandable treatise on regenerators in the 
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English language. The former editions of this book were used, not only 
for the design of industrial (i.e., metal-heating) furnaces, but also in 
connection with open-hearth furnaces, glass tanks, coke ovens, zinc¬ 
smelting furnaces, and the like. Those who have used previous edi¬ 
tions and now refer to the present book will, therefore, expect that 
the section on regenerators has been brought up to date, even if the 
theory takes a little more space than would be warranted by the appli¬ 
cation of regenerators to industrial furnaces alone. 

Any reasonably complete theory of regenerators (such as, for in¬ 
stance, developed by A. Schack in “Der Industrielle Warmeiibergang,’^ 
fifth edition, Verlag Stahleisen) is too complicated to be relished by 
the average furnace engineer. A complete theory has to take care of 
a very large number of variables, among which are the following: 

1. Temperature of products of combustion at entrance to regener¬ 
ator. 

2. Temperature of air leaving regenerator (variable with time). 

3. Time on fine gas. 

4. Time on air. 

5. Thickness of checkerbricks. 

6. Thermal conductivity of checkerbricks. 

7. Specific heat of checkerbricks. 

8. Arrangement of checkerbricks. 

9. Weight of checkerbricks. 

10. Extent of heat-exchanging surfaces. 

11. Velocity of flow of flue gas. 

12. Velocity of flow of air. 

13. Dust or flame content of products of combustion. 

14. Heat-transmission coefficient from flue gas to bricks. 

15. Heat-transmission coefficient from bricks to air. 

16. Distribution of gas or air over cross section of regenerator. 

17. Heat transmitted in unit time. 

18. Heat loss through enclosure. 

19. Leakage (in or out) through enclosure. 

20. Draft loss through regenerator. 

For the purpose of the present discussion, the problem of taking 
care of so many variables is solved by investigating the influence of 
some of the variables, by setting practical limits for them, and by 
deriving relations between the remaining variables, with average con¬ 
stant values in the place of the other variables. 

Important relations exist between size of furnace (and regenerator), 
time between reversals, thickness of brick, conductivity of brick, and 
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heat-storage ratio of brick. In order to underi^tand these relations, it 
is advisable to follow the events that occur during reversal. At the 
time of reversal, the products of combustion in the flue, regenerator, 
and uptake (indicated by shading in Fig. 168) must pass the burner 
before preheated air is ready to sustain the process of combustion in 
front of the burner. The time required for this process is the sum of 
the time elements required for throwing the valve, bringing the moving 


Fig. 158. Diagram illustrating events 
at time of reversal. 



column of products of combustion to rest, starting them in the opposite 
direction, and passing them up to the burner. Doubtless, some mixing 
of waste products and incoming air occurs, so that the arrival of pure 
air in the furnace is still further delayed. The whole process consumes 
5 to 30 sec, depending on the size of the regenerator. During part of 
the time a mixture of waste gases and air sweeps over the hearth of 
the furnace, producing oxidation. In furnaces which are fired with 
producer gas, and in which both air and gas are regenerated, an addi¬ 
tional delay is due to the escape of at least a regenerator full of gas 
to the stack at each reversal. All these facts favor a long period of 
reversal; moreover, too frequent reversals distract the attention of the 
heater from other, equally important work, unless the reversing is 
done automatically by a time clock. 

On the other hand, long periods between reversals necessitate a 
great weight of brickwork in the checker, because of the great quan¬ 
tity of heat that must be stored up between reversals. This results 
in larger regenerators and in greater first cost. Furthermore, long 
periods of reversal result in lower average temperature of preheat, and 
consequently in reduced fuel economy. 

Since there are arguments in favor of both short and long periods of 
reversal, it follows that there will be a most favorable period for each 
furnace, and that a considerable departure, on either side, from the 
most favorable period will produce very little change in fuel economy. 
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The result is that a great variety of reversal periods are found in prac¬ 
tice; they range from 5 min (in small semi-portable furnaces) to 15, 
or even 20 min (for large, four-door furnaces, such as are used in rolling 
mills). In blast-furnace stoves, the time between reversals is much 
longer. Moreover the gas period and the air period are different. 



Fig. 159. Test data on tempera¬ 
ture in a regenerator brick as a 
function of time and of place. 



Coo/mg Tf ^—*- 
<- Heiathg Tinae 


Fig. 160. Temperature cycle of 
surface of regenerator brick. 


For a thorougli understanding of the occurrences in a regenerator, 
a study of Figs. 159, 160, and 161 is very helpful. Figure 159, which 
was plotted from test data, shows how the temperature in a regenerator 
varies, for a brick of 2^-in. thickness, with time and with space, im¬ 
mediately after the reversal from heating to cooling. The figures on 
each line give the minutes that have elapsed between the time of the 
reversal and the time for which the temperature distribution is indi¬ 
cated. Immediately after the reversal, heat flows both ways (see 
arrows a and 6), but the skin temperature drops so fast that heat flow 
into the brick ceases after 1 min, and the almost parabolic lines, 
marked 5,10,15, 20 min, etc., establish themselves. The skin tempera¬ 
ture change in the heat-exchanging skin is most marked in the first 
minute after reversal, from which the conclusion follows that the time 
average of temperature of regenerator surface will, during the period 
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of heating, be much greater than during the period of cooling. Tlje 
same fact is most forcefully expressed in Fig. 160, in which the tem¬ 
perature cycle of the surface of the brick is expressed in a general way. 
By the latter statement is meant that the temperature rise and the 
time of cycle may vary within considerable limits, but that the tem¬ 
perature-time diagram will always show one characteristic, namely 
a very quick change of temperature immediately after the reversal and 


Fig. 161. Thick-walled recuperator. 



a gradual slowing down of the rate of temperature change. The effect 
is that heat flows from the products of combustion into the brick 
through a surface, which, on the average, is hotter than that through 
which the heat flows from the brick to the air that is being preheated. 
But that is exactly what happens in a thick-walled recuperator (see 
Fig. 161), in which point 1 has a temperature considerably in excess of 
that of point 2. With that knowledge, the problem of determining the 
correct size of a regenerator is reduced to the problem of calculating 
a recuperator. 

In this connection, two items need further attention. First, proof 
must be given that the regenerator is equivalent to a recuperator all 
the way through, and not only in spots. Second, the correct heat- 
transmission coefiicient must be determined. 

With reference to the first of these two points, the essential features 
with reference to temperature distribution are diagrammatically shown 
in Fig. 162. In this diagram, the abscissae represent position in regen¬ 
erator with regard to path of flue gases and of air, while the ordinates 
represent temperature. The solid lines represent temperatures for a 
certain time between reversals; the dotted lines hold for a shorter time 
between reversals. While the temperature range between the final 
values varies considerably with the period between reversals, the aver¬ 
age values vary less, so that, to avoid confusion, only one line was 
used for them in the diagram. The temperature lines were made 
straight, although, in reality, there is usually a slight curvature. If 
the heat-transmission coefficients were constant, the average tempera- 
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ture lines would be logarithmic; but the coefficient is far from being 
constant, as will presently appear. Evidently, the lines of average 
temperatures show the same characteristics as those of recuperators. 



Fig. 162. Temperature distribution in a regenerator. 

The second point, namely, the determination of the correct heat- 
transmission coefficient, needs further discussion. The overall heat- 
transmission coeflScient,* just as in the case of recuperators, is 

^/kg l/kw + l/fra 

where kg is coefficient of heat transfer from waste gases to brick surface 
and ka is the coefficient from brick surface to the air, but in this case 
is a coefficient of heat transmission into and out of the bricks. This 
brick coefficient k^ takes the place of the term (conductivity thick¬ 
ness) which appears in the formula for a thick-walled recuperator. In 
the determination of its value, brick conductivity, specific heat, brick 

* In the present book, the units for the coefficients of heat transfer are Btu per 
(sq ft, hr, F). In German treatises on regenerators, the heat-transfer coefficient 
is expressed in Btu per (sq ft, F, period), or rather m the equivalent metric dimen¬ 
sions Cal. per (sq m, C, period). If the reversal period is 1 hr the coefficient per 
hour and the coefficient per period are equal. The German method is of advan¬ 
tage in those cases where the heating and cooling periods are different, as, for 
instance, in blast-furnace stoves. 
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thickness, and period between reversals play jimportant parts. Fur¬ 
thermore, this coefficient varies widely with the nature of the tempera¬ 
ture-time relations for the gases and the air: when the latter follow 
a loop curve as in Fig. 1636, the coefficient is more than twice as great 
as when they remain constant throughout the period, as in Fig. 163a. 
This was determined by working out the temperature-time curves for 
the brick surface by means of the Schmidt graphical method, also 
taking account of the great difference between the values of and kaj 
which are discussed below. In an actual regenerator, near the top the 
gas temperature is nearly constant while the air temperature follows 


Fig. 163. Temperature variations of 
air and gases at a given place in a 
regenerator. 


the lower part of the ''loop'' curve. Near the bottom the air tempera¬ 
ture is constant while the gas temperature follows the upper part of 
the "loop" curve. In the middle of the height both gas and air follow 
that form of curve. It might be thought, therefore, that coefficients 
derived on the basis of gas and air temperatures varying with time 
according to a curve of that form would more nearly represent actual 
conditions, but on the contrary the tests of Schumacher* on an actual 
experimental regenerator gave coefficients which check quite closely 
with those obtained by the graphical method on the basis of constant 
air and gas temperatures. The latter have, therefore, been used in 
Fig. 164, which shows how the equivalent brick coefficient varies with 
period of reversals and with brick thickness, for ordinary fireclay 
bricks. The experimental results of Schumacher have also been shown; 
his tests, however, were all made with only one brick thickness, 
namely, 3.2 in. 

It should be remarked here, first, that the coefficient k^ is also 
affected by changes in the gas and air coefficients kg and fca, but within 
the range of variation of these usually encountered in regenerators the 
change in is negligible; second, that all the coefficients are based 
on a heat transmitting area equal to the exposed heat-exchanging sur- 

Mitteilungen HI der Wdrmestelle des Vereina deutscher Eisenhutterdeute, 
August 1930. 
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face of the checkerwork on one side of tlie furnace only. The reason 
for taking the area of one side instead of that of both sides is that at 
all times heat is flowing in through the brick surface on one side of 
the furnace while at the same time it is flowing out through the surface 



Fig. 164. Equivalent heat-conduction Fig. 165. Test data on heat transfer 
coefficient of checkerbrioks, as related by convection, m legeneratois (ladia- 
to reversal period and to thickness of tion not included) 
bricks Note that is not the overall 
coefficient of heat transfer 

on the other side. Hence, the area corresponding to the mean area 
in a recuperator is the regenerator surface of one side and not the area 
of both sides. 

The convection coefficient for checkerwork differs, naturally, from 
that for recuperator tubes, except in ^'solid-chimney” checkers. From 
tests of the experimental regenerator of the German Steelworks So¬ 
ciety, Kistner* found that the convective heat transfer is very nearly 
proportional to the square root of the velocity, and inversely to the 
cube root of the width of openings between the bricks. The experi¬ 
mental values are shown by the curves of Fig. 165 for checkers with 
the bricks set vertically in line. For double-staggered setting, the 
coefficients are increased 16 per cent. All of Kistner's tests were made 
with bricks 3.2 in. thick and 6 in. high, but they should also be appli- 

* Mitteilungen 139 der WarmesteUe des Vereins deutscher Eiaenhutlenleute. 
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cable without appreciable change to other usu^l proportions of bricl^s. 
The same values were found to apply to both air and waste gases, 
and they were practically independent of temperature (for a given 
mass velocity). 

For “solid-chimney” checkers, the curves of Fig. 150 should be used. 
In addition to heat transfer by convection, the radiation heat trans¬ 
fer must be taken into account. In the case of air, there is some ab¬ 
sorption of radiated heat by the small amounts of water vapor and 
carbon dioxide present in the atmosphere, but as shown by the lowest 
curve of Fig. 43 this is very small indeed. Hence the heat transmission 


Fig. 166. Variation of heat-transfer 
coefficient along the height of a 
typical regenerator. 
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from brick to air depends almost entirely on convection. The heat 
transfer from the waste gases to the bricks, on the contrary, depends 
chiefly on radiation from the gases, while convection (for usual widths 
of openings in the checkers) plays a minor part. The curves of Fig. 43 
apply to regenerators as well as to recuperators, but according to 
Kistner^s tests the absorption coefficient by which they must be mul¬ 
tiplied is only 70 per cent, for checkerbricks in the standard setting 
as in Fig. 173. 

Figure 166 shows how the coefficients vary, from top to bottom of 
a typical regenerator. The following example will show the method 
of calculation: 

Example. In the regenerators of a forge furnace (Fig. 157) the checker- 
bricks are 2^ by 4% by 9 in., set in line with openings 6% in. square. Checker 
chamber dimensions, inside, 10 ft \>k in. wide by 18 ft 0 in. long. Air quan¬ 
tity *= 100 cfs, quantity of gases **110 cfs, both referred to 60 F. Time 
between reversals *= 15 min. Gases enter the top of the checker at 2200 F. 
Find the heat-transfer coefficient at that place. 
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.. . 100 X 0.0764 

Mass velocity of air = — . = 0.081 lb per (sq ft, sec) 

From Fig. 165, for 6%-in. openings the convection coefficient is 1.53, and, 
from Fig. 43, the radiation coefficient for air at a probable temperature of 
1800 F is 0.25. Hence = 1.53 + 0.25 = 1.78 Btu per (sq ft, hr, F). 

Mass velocity of flue gases (of practically the same specific gravity as air) 
= 110/100 X 0.081 = 0.089 lb per (sq ft, sec). From Fig. 165, the convec¬ 
tion coefficient for gases = 1.60; and, from Fig. 43, the radiation coefficient 
for flue gases at 2200 F in 6^4-in. openings is 7.5 Multiplying the latter by 
the absorption coefficient of 70 per cent gives 5.25, hence, 

kg = 5.25 + 1.60 = 6.85 Btu per (sq ft, hr, F) 

From Fig. 164, the brick coefficient for 2^-in. brick thickness, 15-min re¬ 
versals is 14. Then the overall coefficient of heat transmission from gas to 
air, at the top of checker, is 

k = —j- — = 1.28 Btu per (sq ft, hr, F) 

140''T78 

In an actual regenerator there are numerous factors that may and 
often do modify the coefficients as calculated or as determined from 
tests of experimental regenerators. One of these factors, as mentioned 
under “Recuperators,’^ is after-burning. Combustion is frequently 
incomplete when the gases enter the downtakes to the checkers, and 
the mixing due to change of direction, together with infiltration of 
additional air which occurs if the downtakes and checker chambers 
are not absolutely tight, enables combustion to proceed in the checker- 
work, resulting in an apparent rise of the coefficient of heat transfer 
owing to the increase of temperature in the middle of the checker 
height. If the flame is luminous in the checkers, an actual increase of 
the coefficient occurs, even if no after-burning takes place. However, 
the effect is small. 

An influence that very frequently is present, and that largely ex¬ 
plains the inefficient heat transfer in many regenerators, is uneven dis¬ 
tribution of air and gases, or “channeling,” which is explained in 
(Chapter 8 (page 394). In checkers in which the fluid being cooled flows 
downward while the fluid being heated flows upward, the self-regulat¬ 
ing effect (page 394) tends to equalize the flow, and the channeling due 
to inertia of the air and gases is much less serious than would be ex¬ 
pected from tests of flow distribution in checkerwork tested cold; 
nevertheless, it does exist, and to a sufficient extent to explain the low 
coefficients often found in regenerators. 
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At this point it may be mentioned that the flow in horizontal 
checkers is usually unstable and not self-regulating. For that reason, 
furnaces are seldom equipped with horizontal checkers. Auxiliary 
or supplementary horizontal checkers are sometimes built into the 
flues between main-checkers and reversing valves. 

Accumulation of dust on the bricks and slagging of the brick sur¬ 
faces cause the efficiency of heat transfer to decrease as the furnace 
becomes old. No definite information is available on the conductivity 
of dust deposits; in any case, the effect of such deposits must depend 
on their thickness. The authors estimate that the overall coefficient 
may be reduced as much as 20 per cent by the insulating action of dust 
deposits. Slagging, which occurs only on the upper courses of checker- 
bricks, reduces the capacity of the surface for absorbing radiation. 
The few data available seem to show that gas radiation may be 
reduced 10 per cent thereby, resulting in a reduction of 9 per cent in 
the overall coeflScient. 

Heat losses from the walls of the regenerators, and leakage of air 
into them during the gas period and out of them during the air period, 
also cause an apparent decrease of the heat-transfer coefiBcient, if the 
latter is based on the usual method of calculation which neglects these 
two influences. The method of calculation taking account of the wall 
losses, as derived by the senior author, is given in the Appendix (page 
468). For estimating the effect of leakage, the method derived by 
Heiligenstaedt for recuperators (Appendix, page 467) may be used; 
it would be strictly correct, however, only if the inward leakage during 
one period were equal to the outward leakage during the other period, 
and if both were evenly distributed over the height. These conditions 
are not likely to be met. In any case, the question is not of great im¬ 
portance in modern checkers, in which every effort is made to keep 
the checker chambers, downtakes, and ducts tight at all times. 

To some extent, the surfaces of rider walls and the interior surfaces 
of ducts and downtakes act as additional heating surface, whereby the 
heat-transfer coefficient, if based on the surface of the checkerwork 
only, is apparently increased. 

The net effect of all these conflicting influences is to cause the overall 
heat-transfer coefficient, for ordinary checkers operating with natural 
draft, to range between 0.9 and 1.6 Btu per (sq ft, hr, F). In the 
authors^ experience, higher values (up to 2.6) have sometimes been 
encountered, but this apparently was due to after-burning. The first 
figure is usually the lower limit except when channeling and leakage 
are very bad. (These limits do not apply to metallic regenerators as 
described on page 261.) 
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Since the calculation of the heating surface in a regenerator can be 
reduced to that of a recuperator, the curve sheets (Figs. 154 to 156) 
can be used by multiplying the heating surface obtained from them 
by the ratio 


Recuperator transmission coefficient 
Regenerator transmission coefficient 

Example. To find the regenerator heating surface required to preheat air 
to 1600 F for a furnace requiring 1,600,000 Btu per hr useful heat plus radia¬ 
tion and convection losses. Fuel, natural gas; furnace temperature, 2200 F. 
The surface that would be required if the heat-transfer coefficient were 2.5 
would be, from Fig. 156, 203 x 105% == 213 sq ft per 1,000,000 Btu per hr. 
If the regenerator has the usual flue and brick proportions, the average coeffi¬ 
cient, from Fig. 166, is 1.18 Btu per (sq ft, hr, F). The required regenerator 
surface would then be 


2.5 1,6 00,000 

1.18 ^ 1,000,000 


X 213 = 723 sq ft 


This is the heating surface in each regenerator (not in both). 


After the determination of the required area of heating surface, the 
next step is to decide on the best arrangement and proportions of 
checkerwork to give this area. The chief variables are brick thick¬ 
ness, and size of flues or passages between the bricks. As far as con¬ 
cerns heat transfer and storage, the thinner the bricks, the better is 
their efficiency. The center of a thick brick is very imperfectly utilized, 
first, because its temperature fluctuation is small compared to that 
of the surface, and, second, because there is a phase lag. This is 
clearly shown by the curves of Figs. 167 and 168, which were computed 
by means of Fourier^s equations on the basis of a constant gas tem¬ 
perature during one-half of the cycle; a constant (400 F lower) air 
temperature during the other half; and a mean coefficient of heat 
transfer for the cycle. In these illustrations the notations ^ = 4, ^ = 6, 
etc., mean that 4 min, 6 min, etc., have elapsed from the time of 
reversal. The phase lag is very evident in the 4%-in. brick, where, 
from ^ = 0 to ^ = 6, the temperature of the center is falling while that 
of the surface is rising. 

This condition leads to the conception of “brick saturation,which 
indicates the ratio of heat absorbed in a brick to that which would 
have been stored up if the whole brick had attained the temperature 
of the surface. For equal brick saturation, the time between reversals 
should increase approximately as the square of the brick thickness. 

From the temperature-space diagrams obtained by the graphical 
method as mentioned on page 444, and similar to Figs. 167 and 168 
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Fig. 167. Calculated tem¬ 
perature distribution in a 
regenerator brick of 1^/4-in. 
thickness, with 12-min re¬ 
versals. 


Fig. 168. Calculated temperature dis¬ 
tribution in a regenerator brick of 
4%-in. thickness, with 24-min reversals. 


except that the much higher coefficient of heat transfer from the flue 
gases to the bricks has been taken into account, the ‘‘brick saturation’^ 
or heat-storage factors plotted in Fig. 169 were obtained. These cal¬ 
culated factors check almost exactly with the values obtained by 
Schumacher in tests of the experimental regenerator, when the experi¬ 
mental values are corrected for the different brick thickness. The 
values of Fig. 169 can therefore be used with confldence. 

Although it would be possible, by lengthening the period between 
reversals, to obtain as high a heat saturation in thick bricks as in thin 
ones, this procedure would result in too great a drop of the air tempera¬ 
ture from the beginning to the end of the period, with consequent unde¬ 
sirable fluctuation of the furnace temperature, unless an inordinately 
large weight of bricks were provided in the checkers. 

With common dimensions of checkerbricks and common time inter- 
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vals between reversals, fluctuation of temperature of preheated air is 
so small that it has no effect on furnace operation. In any event, 
equipment for temperature control compensates for such fluctuation. 
For these reasons, the extent of temperature fluctuations is not dis¬ 
cussed here. In blast-furnace stoves, the interval between reversals 
is rather long, and the temperature fluctuation becomes quite an item. 


Fig. 169. Saturation of fireclay 
checkerbricks as related to period of 
reversal and to thickness of bricks. 


Since blast furnaces are outside the scope of this book, the method 
of calculating the fluctuation of temperature of preheated air is 
omitted in this edition. 

It can be shown by a simple calculation that, for a given brick thick¬ 
ness, the heating surface per cubic foot of checker volume reaches a 
maximum when the width of flues or passages is approximately equal 
to the brick thickness; also that, for any given ratio of passage width 
to brick thickness, the heating surface per cubic foot of checker is in¬ 
versely proportional to the brick thickness. Furthermore, the smaller 
the openings the higher is the overall heat-transfer coefficient, for, 
whereas the transfer from the gases by radiation is reduced when the 
passages are made narrower, the transfer by convection is increased. 
As far as the flue gases alone are concerned the two effects nearly 
balance and the size of the passages makes little difference, but the 
heat transfer from the bricks to the air, which is effected almost en¬ 
tirely by convection, is increased by reducing the size of the passages. 
Since in the usual checker the rate of transfer to the air rather than 
from the gases is the limiting feature, the net result of reducing the 
passage width is an increase of the overall rate of heat transfer. This, 
with the increased heating surface, results (other things being equal) 
in higher temperature of preheat. (This statement as to the heat- 
transfer rate does not refer to ‘‘gas checkers” heating producer gas.) 
The ideal arrangement, then, strictly from the standpoint of heat 
transfer, would consist of 1%-in. bricks with openings not over 1%-in. 
wide. But on account of rapid clogging with dust, such narrow open- 



Timt between rertrsals-minutes 
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ings would be impracticable. Even if the small passages are not 
clogged, the pressure drop through them may be so great that, with 
only natural draft available, not enough air can be forced through the 
checkers to supply the furnace requirements (see Chapter 8). The 
influence of size of flues as well as of brick thickness on area of heating 
surface for a given regenerator volume can be judged from a study 
of Table 18. 


Side 

of 

Flue, 

in. 


TABLE 18. Effect of Size of Regenerator Flue 

and of Brick ThiisknesBy Brickg 4^ in. Deep 



Cross 

Section 

of 

Unit 
Cell, 
sq ft 

Heating 

Heating Sur- 

Weight of 

Thick¬ 

ness 

Surface 
per Cell 

face per 
cu ft of 

Fireclay 

Bricks 

of 

and 

Checkerwork 

per 

Brick, 

per ft 

(Brick plus 

cu ft of 

in. 

Length, 

Open Spaces), 

Checker- 


sq ft 

sq ft 

work, lb 


Ratio of 
Free Area 
to Total 
(Plan) Area 


Standard Checkers (Fig. 173) 


2M 

IVi 

0.0976 

0.682 

7.00 

42.0 

0.444 



0.173 

0.949 

5.48 

62.5 

0.250 



0.156 

0.873 

5.59 

33.1 

0.546 



0.250 

1.163 

4.64 

52.1 

0.340 


ly* 

0.230 

1.063 

4.61 

27.4 

0.613 


2y2 

0.342 

1.378 

4.04 

44.8 

0.412 



0.562 

1.870 

3.32 

62.5 

0.250 


y/i 

0.315 

1.255 

3.98 

23.3 

0.664 


2M 

0.445 

1.593 

3.57 

39.1 

0.472 


4J^ 

0.693 

2.066 

2.98 

56.3 

0.302 



0.416 

1.445 

3.46 

20.3 

0.705 


2^ 

0.562 

1.805 

3.21 

34.7 

0.520 


4J^ 

0.840 

2.380 

2.83 

51.1 

0.349 


Solid Chimney Checkers (Fig. 174) 


W 2 

IH 

0.230 

1.500 

6.51 

48.4 

0.613 



0.342 

1.500 

4.38 

73.4 

0.412 

5^ 


0.315 

1.833 

5.80 

42.0 

0.664 


2H 

0.445 

1.833 

4.10 

65.8 

0.472 


Quite evidently, of the arrangements shown, the 234-in. flue with 
134 -in. tile results in the maximum heating surface per square foot of 
cross-sectional area, and in the cheapest regenerator, if ordinary rec¬ 
tangular bricks are used. In all cases where the gases are fairly clean, 
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and where 1%-in. tile is available, these dimensions will doubtless be 
used in the future, particularly for small and medium-sized regen¬ 
erators. 

One reason why the 1%-in. tiles are not more frequently used is their 
lack of stability,* or tendency to fall over sidewise, unless laid as “solid 
chimney^^ checkers (page 249). If the edge surfaces were ground flat, 
their stability would be sufficient; but actually these surfaces are 
always uneven. For large checkers, as long as we stick to standard 
rectangular bricks, 2%-in. bricks will be used, both for the sake of 
strength and because with the long periods of reversal (necessitated for 
the reasons explained on page 231) a sufficiently high degree of satura¬ 
tion can be obtained with them, while, as shown by the sixth column of 
Table 18, for a given flue size the volume of checker chamber required 
to contain a given weight of bricks is less than with the smaller thick¬ 
ness of brick. The use of very wide flues apparently is just a habit of 
the designer, carried over from open-hearth furnace and possibly glass- 
tank practice. In these furnaces, enormous quantities of sintered dust 
arc deposited in the checkers by the gases, and wide flues are an abso¬ 
lute necessity; otherwise the checkers would clog up in short order. In 
heating furnaces, on the contrary, much less dust is carried by the 
gases, and such wide flues are not necessary. On the other hand, if 
they are made too narrow, even a small deposit of dust will increase 
the pressure drop so greatly that not enough air can be supplied by the 
checkers. The designer is sharply limited in the proportions he can 
use, so long as only natural draft is available (see Chapter 8). 

From the tabulation it may be seen that, within the limits of good 
design, the heating surface per cubic foot of volume of checkerwork 
varies between 2.83 and 7.00 sq ft. It follows that the regenerator 
volume for a given heating surface must vary in the same ratio. For 
the same reason, the rather common method of comparing regenerator 
sizes by the “cubic feet of checker chamber per square foot of hearth 
area of furnace’^ is not logical, unless brick filling of the same kind 
and size is always used. 

In conjunction with the heating-surface values from Figs. 154 to 156, 
the values in column 5 of the tabulation—heating surface per cubic 
foot of checkerwork—really determine the volume of the checker 
chamber. The only remaining uncertainty is the distribution of that 
volume over the two factors, cross-sectional area and depth. In 
Chapter 8, it is shown that uniform distribution of flow of gases over 

♦The lack of stability is very annoying during the laymg-up of the checkers, 
even with standard bricks, because the arches on which the checkers rest are 
seldom level and plane. 
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the cross section demands deep regenerators pf small cross section. 
The depth is, as a rule, sharply limited either by excessive cost of 
excavation and foundation, or by the depth at which the groundwater 
level is reached. With the depth determined by these considerations. 



the cross-sectional area is readily found as previously indicated. The 
following examples will illustrate the methods. 

Since, in the calculation of regenerators, it is necessary to know the 
quantity of air that is to be heated, whereas usually only the heat 
consumption of the furnace is known. Figs. 170 and 171 are offered, 
from which the air quantity corresponding to a given heat consump¬ 
tion can be found easily. 

Example 1 . A furnace, of which checkers are shown in Fig. 157, requires 
17,000,000 Btu per hr useful heat plus radiation and convection losses. The 
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waste gases leave at 2200 F. The furnace was originally designed for natural 
gas, with provision for the use of producer gas when natural gas should be 
exhausted. Coke-oven gas is used at present, both checkers being used to 
preheat air only. Find the temperature of the preheated air. 

(a) From Table 18, the ratio of free area (in horizontal plane) to total area 
of checker chamber = 0.520. Actual free area then = (6.75 + 10.12) x 18.0 
X 0.520 =* 158 sq ft. Trial temperature of air preheat is taken as 1600 F. 
From Fig. 170, weight of air required == 0.32 lb per sec for each million Btu 
per hr x 17,000,000/1,000,000 = 5.44 lb per sec. Mass velocity of air in 
checkers = 5.44/158 sq ft = 0.0345 lb per (sq ft, sec). From Fig. 165, the 
corresponding convection coefficient from brick to air, for 614-in. flues, is 1.03. 
From Fig. 43, the radiation coefficient for air = 0.15. Hence == 1.03 + 
0.15 - 1.18. 

From Fig. 115, 1.082 lb of flue gases are produced per lb of air; the gases 
have a specific heat about 26 per cent higher than the specific heat of air. 
Then the final temperature of the gases. 


T 2 o, is 2200 F 


(1600 F - 60 F) 
1.082 X 1.26 


1075 F. 


From Fig. 43, the gas-radiation coefficient for 614-in. flues = 7.4 at 2200 F 
(top of checker) and 2.85 at 1075 F (bottom of checker), with an average of 
5.12. But as noted on page 216, for coke-oven gas the radiation is 10 per cent 
greater; on the other hand, the coefficient must be multiplied by the radiation- 
absorption coefficient, which Kistner found to be 70 per cent for checker- 
bricks. 

110% X 70% X 5.12 = 3.95 Btu per (sq ft, hr, F) by radiation 

The mass velocity of the gases passing through the checkers is 1.082 x 0.0345 
== 0.0374, and, from Fig. 165, the convection coefficient in 614-in. flues is 1.07. 
Hence kg == 1.07 -f 3.95 = 5.02 Btu per (sq ft, hr, F). From Fig. 164, for 
214-in. bricks and 15-inin rever^^als = 14.0. Hence the average overall heat- 
transfer coefficient for the regenerator is 

— -j- — = 0.896 Btu per (sq ft, hr, F) 

5 ^ HjO Us 


From Table 18, the heating surface per cubic foot of checkerwork is 3.21 
sq ft, or (6.75 + 10.12) x 18.0 ft x 9.625 ft depth x 3.21 = 9400 sq ft = 
heating surface of checkers at each side of furnace. 

(6) Equivalent heating surface corresponding to the values of Fig. 156 is 




Reading from Fig. 156, the preheat corresponding to this area per 1,000,000 
Btu per hr is 1580 F. The trial temperature was close enough to this result 
that the difference would not cause any appreciable change in the coefficient. 

These figures apply if the air and flue gases are perfectly clear and dust- 
free. Actually, some flame will pass down into the checkers; k will be increased 
thereby, and preheat will be somewhat higher than that shown. This illus¬ 
trates a somewhat self-regulating feature of regenerators, namely, that, as the 
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furnace is driven at higher and higher rates, more flame passes down into the 
checkers and heat transmission becomes more effective as required. ^ 

There is another factor, that tends to reduce preheat temperature, namely, 
the heat loss from the surfaces of the flues leading from the regenerator to the 
furnace. This action cools the flue gases so that they enter the checkers at a 
lower temperature than that of the furnace,* and also cools the air going to 
the furnace. The amount of heat loss can be calculated with the aid of Fig. 86. 
As mentioned previously, however, the inner walls of the flues or ducts act 
to some extent as additional regenerator surface. 

For calculation of effect of leakage and of heat losses from walls, see 
Appendix (pages 467 and 468). 



Fig. 172. Regenerative furnace, designed for producer gas. 


Example 2. Bridge furnace, shown in Fig. 172, requiring 5,100,000 Btu per 
hr (useful heat, plus radiation and convection losses). Fuel, producer gas; 
furnace temperature, 2200 F. Heating surface in air checker, 1670 sq ft, in 
gas checker, 1150 sq ft, cross-sectional area of passages in air checker, 38 sq ft, 
in gas checker, 26 sq it. Width of passages, in.; length, 7 ft. Find the 
temperature of preheat of the air. 

This example differs from the preceding one in that the fuel gas is preheated. 

(a) In many of the older furnaces, separate checkers were provided, with 
the idea of preheating the producer gas. As the gas usually enters from the 
producers at a fairly high temperature, and as only a small checker is pro¬ 
vided, the preheating, as far as increase of temperature is concerned, is not 
very effective. It has, however, the effect of cracking hydrocarbons and pro¬ 
ducing a more luminous and radiant flame. If the producers are located at a 

♦ In high-temperature melting furnaces, the flues between furnace and regen¬ 
erators are purposely built thin-walled. The heat loss reduces the temperature 
to such an extent that outgoing slag particles are solidifled before they reach the 
regenerator. 
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considerable distance from the furnace, preheating of the fuel gas is effective 
also with regard to temperature rise. The fuel-gas temperature at the entrance 
to the furnace is about the same as or slightly higher than the air temperature. 

Figure 171 applies where the fuel is not preheated; it can be used where 
fuel is preheated by considering the air as heated to a proportionately higher 
temperature. Trial temperature of preheat == 1200 F; from Fig. 116, the 
sensible heat in the gas (fuel) at a given temperature is about 89 per cent of 
that in the combustion air at the same temperature. Then, the equivalent 
temperature of preheat of the air, if the fuel were not preheated, would 
be approximately 1200 F + 0.89 x (1200 F — 60F) = 2210 F. Extrapolating 
curves of Fig. 171 gives 0.32 lb of air required per sec per 1,000,000 Btu per 
hr left in the furnace by the gases. 


5,100,000 

1,000,000 


X 0.32 = 1.64 lb per sec 


Mass velocity of air in checkers = 1.64/38 = 0.043 lb per (sq ft, sec). From 
Fig. 165, kc = 1.13 Btu per (sq ft, hr) for the air. From Fig. 43, = 0.15 

for air; hence = 1.13 + 0.15 = 1.28. 

The waste gases enter at about 2100 F and leave at about 1100 F. The 
quantity of gases going to the air checker is about 60 per cent of the total. 
Since 1.76 lb of waste gases are produced per lb of air, mass velocity 


1.64 X 1.76 X 60% 
38 


= 0.046 lb per (sq ft, sec) 


in the air checker. Then kc for gases is 1.16 (Fig. 165). At the top, k^ is 
read from Fig. 43 as 7.0, and, at the bottom, as 3.0, with an average of 5.0. 
But the value must be reduced 8 per cent for the products of combustion of 
producer gas (page 216) and multiplied by the radiation-absorption coefficient 
of the brick surfaces, 0.70. Hence = 0.70 x 0.92 x 5.0 = 3.22 for the 
gases, and kg = 3.22 + 1.16 == 4.38 Btu per (sq ft, hr, F). k^ = 14.0 as 
before; hence the average overall coefficient of heat transfer from the gases 
to air is 

— -j- — = 0.93 Btu per (sq ft, hr, F) 


Equivalent heating surface per 1,000,000 Btu per hr, for Fig. 155, is 


0.93 1,000,000 

2.50 ^ 5,100,000 


X 1670 = 122 sq ft 


Reading from Fig. 155, for 2100 F temperature of gases and 122 sq ft area, 
the temperature to which the air is heated is found to be 1120 F. This is 
somewhat lower than the assumed temperature of preheat, but not sufficiently 
different to require changing the coefficients. 


In the preceding examples, it has been assumed that the bricks were 
laid in the ^'standard^^ manner, as shown in Fig. 173. In practice, 
several other arrangements are also in use, as indicated in Figs. 174 
and 176. Each method of laying has its adherents, and vigorous argu- 
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ments are frequently heard about the relative merits of increased heat¬ 
ing surfaces, breaking up of flow, entrance of heat from four sides* 
instead of two, etc. As shown by Table 18, the '^solid-chimney” 
checker shown in Fig. 174 has more actual area of heating surface and 


2^/2 41^2 X 9**Brlok 
4l/2*3quare Buva 



Fig, 173. Standard checkerwork for regenerators. 


2f/'x e'x mi'Bhek 



Fig. 174. Solid chimney checkers. 


a greater weight of brick per cubic foot of checkerwork than has the 
standard checker of Fig. 173. The gas-radiation coefficient should be 
somewhat higher in the solid-chimney type, because radiation from the 
flowing gases is normal to all the surfaces and is more effective than 
radiation at an angle to the horizontal surfaces of the standard 
checkerbricks; on the other hand, the convection coefficient is cer¬ 
tainly lower in the solid-chimney type, as may be seen by comparing 
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Fig. 150 with Fig. 165; the discontinuities in the passages of the 
standard checker cause and maintain turbulence of flow and thereby 
increase the heat transfer by convection. Apparently, all these con¬ 
flicting influences just about balance, for the authors^ close observa¬ 
tions of different checkers in practice, under otherwise equal conditions, 
have failed to show any advantage of one method over the others: for 
a given volume of checkerwork and with the same thickness of bricks 
the preheat temperature is about the same for all three types of setting. 



Fig. 175. Checkerwork with variable cross section of flue. 


Many different settings of bricks have been devised for the purpose 
of increasing heat transfer in regenerators. For the same purpose and 
also for increasing stability, new shapes of bricks for regenerators 
have been designed. Among the many inventions, only those are of 
value that increase the area for flow from the bottom of the regenerator 
to its top, while keeping the heat-exchanging surface constant. In 
view of the limited use of regenerators in industrial furnaces, the 
various arrangements are not described here. 

Continuous Regeneration. Alternation of flame direction in furnaces 
is often inconvenient and is sometimes impossible, as, for instance, in 
blast furnaces. For both reasons, several designs have appeared for 
making the furnace recuperative (with constant direction of flame) 
while making the heat-salvaging equipment regenerative. These de¬ 
signs consist either of a plurality of cyclically operated regenerators 
or else of a regenerator with movable parts. Blast-furnace stoves are 
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a typical example of the first group. For several years, metallic regen* 
erators, working on the same principle, were on the market as heat- 
salvaging equipment for industrial furnaces. Short life Caused their 
abandonment. 

In the second group, the material that alternately absorbs and emits 
heat is movable. In one design, which is used as an air preheater for 
steam generators, a ring, having a vertical axis rotates slowly. The 
ring is filled with thin, corrugated sheets of heat-resisting metal. Hot 
products of combustion pass down through one half of the ring while 
air flows upward through the other half. This equipment is too deli¬ 
cate for use with industrial furnaces. Another type of continuous 
regenerator is the pebble heater. Pebbles or marbles of refractory 
material flow downward through a funnel to a throat, where they meet 
hot gases. Below the throat, the pebbles heat upwardly flowing air. 
The cold pebbles which are discharged at the bottom are carried back 
to the top by a conveyor. The pebble heat exchanger has given a 
good account of itself in some processes. So far as the authors know, 
it has not been applied to industrial furnaces. 

(e) Waste-Heat Boilers. The third method of utilizing the heat 
of the products of combustion, mentioned on page 205, is the genera¬ 
tion of steam. A brief discussion of waste-heat boilers, in connection 
with heating furnaces, is appropriate. 

The amount of steam that can be generated in unit time from a given 
furnace depends on the weight of the flue gases in unit time, their 
temperature at entrance to the boiler, and the temperature to which 
they can be cooled. The temperature of the gases at entrance to the 
boiler should be approximately equal to the furnace temperature, ex¬ 
cept when the boiler is used in connection with a continuous furnace, 
in which case the flue-gas temperature depends on the rate of heating, 
as was explained in Chapters 4 and 5. In heating-furnace practice, 
waste-heat boilers are practically never used if the furnace is equipped 
with either a regenerator or recuperator. 

The flue-gas flow depends on the heat requirements of the furnace 
and its temperature; it can be found by the methods explained earlier 
(see pages 184 to 200 and 245). The temperature of the hot flue gases 
entering the boiler may slightly exceed the temperature of the furnace, 
if the boiler is mounted immediately above the furnace and is con¬ 
nected with the latter by a very short flue; it will be lower than the 
furnace temperature if the boiler is set some distance away from the 
furnace. For the purpose of computing a waste-heat boiler chart, 
the assumption will be made that the products of combustion reach the 
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boiler with furnace temperature.* The temperature of the stack gases 
at the place where they leave the boiler depends on rate of gas flow, 
temperature of entering gases, heating surface of boiler, steam and 
water temperature, and coefficient of heat transmission. The latter 



^rnace Temperofure ^ Pe^rees fb/tr. 


Fig, 176. Boiler horsepower available from unit-size furnace under different 
conditions. One boiler horsepower equals 33,475 Btu per hr. 

varies with the temperature of the gases, the cleanliness of the boiler 
surface (inside and out), and the arrangement of the passes. For the 
purpose of calculating charts, three stack temperatures were assumed, 
namely 500, 750, and 1000 F. 

Two types of graphs were computed. The first type (see Fig. 176) 
shows the number of boiler horsepower (at 33,475 Btu per hr) that 

♦Although open-hearth furnaces and glass tanks are outside the scope of this 
book, it may be mentioned that the waste gases coming from furnaces of either of 
the two types reach waste-heat boilers at less than regenerator-discharge tem¬ 
perature. Although the temperature in open-hearth furnaces equals 3000 F, the 
temperature of the waste gases at entrance to the waste-heat boiler is only 1100 
to 1200 F. For glass tanks, the corresponding values are 2600 and 900 to 1000 F. 
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can be extracted from the products of combustion of a furnace rated < 
at 1,000,000 Btu per hr with varying furnace temperatures and with 
three stack temperatures. The second type of graph (Fig. 177) gives 
the heating surface that is necessary per boiler horsepower with differ¬ 
ent furnace temperatures and three stack temperatures. 

The values of Fig. 176 were found as indicated previously. For a 
given furnace temperature, the amount of heat, per unit of fuel, in the 
flue gases leaving the furnace, and the amount given up in the furnace 



Temperafure if Gases enferiry boikr — Ay. fbhr 

Fig. 177. Heating surface required for waste-heat boilers, with clean surfaces. 
Curve A is for draft loss through boiler of 2-in. water; coefficient of heat transfer, 
X *= 6.0; curves B, C, and D are for draft loss *=0.5; JRC « 4.0. 

A and D 500 F temperature of gases leaving boiler. 

B 750 F temperature of gases leaving boiler. 

C 1000 F temperature of gases leaving boiler. 

can be determined by use of the curves (Figs. 109 to 121). If the 
furnace requires that 1,000,000 Btu be given up per hr by the gases for 
heating stock and furnace parts, and for heat losses by radiation and 
convection, then the total amount of heat left in the flue gases per 
hour can readily be found from the above figures. In the calculation 
of Fig. 176, 10 per cent excess air was assumed. The ratio of the heat 
that can be abstracted from the flue gases down to a given leaving 
temperature to the heat abstracted in the furnace can likewise be found 
from Figs. 109 to 121; and this ratio multiplied by 1,000,000/33,475 
equals the available boiler horsepower. Curves for other fuels of high 
calorific value, such as oil, natural gas, tar, and coke-oven gas, were 
also computed, but they are so much like those of Fig. 176 that it is 
not worth while to reproduce them. 

It is quite apparent that much waste heat is available from 2200 F 
furnaces, and a comparatively small amount is available from 1400 
to 1600 F furnaces, unless fan draft is used and the gases are cooled 
down to a low temperature. 

The temperature of the stack gases, as before stated, is affected by 
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several variables. The relation between the principal variables is 
shown in Fig. 177. For the calculations, it was assumed that, if a fan is 
used, a heat-transfer coefficient of 6 is obtained, with a draft loss of 
2 in. of water through the boiler. (Calculation of the heat-transfer 
coefficient by means of the equations of Appendix 4 showed that, for 
a given draft loss, there is little change of the coefficient with change 
of temperature.) It was assumed that, with a stack temperature of 750 
and 1000 F, natural draft would be satisfactory, and a heat-transmis¬ 
sion coefficient of 4 Btu per (sq ft, F) is obtained, with 0.50-in. draft 
loss through the boiler. Curves A (for fan draft and 500 F stack) and 
B (for natural draft and 750 F stock) lie very close together, as might 
be expected. It is a question of finance whether it pays to install a 
larger boiler with a natural draft or a somewhat smaller boiler and fan. 
Further discussion of this question belongs in a treatise on steam 
boilers and will not be followed here. Curve C is for natural-draft 
gases leaving the boiler at 750 F, fc = 4; curve D is for natural draft, 
leaving temperature 500 F, /c = 4. 

The use of Fig. 177 is simple. First, find the available boiler horse¬ 
power from Fig. 176 and multiply by the number of square feet needed 
per boiler horsepower from Fig. 177. 

Nevertheless, judgment is necessary in the use of Figs. 176 and 177, 
because they are based on the assumption that all the products of 
combustion reach the boiler at furnace temperature. In practice, 
neither of the two emphasized conditions is realized, with the result 
that the actual available horsepower is often only a fraction of that 
indicated by the graphs. 

In countries with high fuel cost and low labor cost, even the heat 
in the water that flows through skid pipes is utilized in waste-heat 
boilers. In order to prevent deposits of scale in the skid pipes, the cir¬ 
culating water must either be treated or else be condensate. The water 
is under pressure and may be heated to a high temperature; heating, 
of course, depends upon the steam pressure in the boiler. With modern 
boiler pressures, the water may be heated to approximately 500 F. 
The high water temperature reduces heat loss in the furnace. Steam 
bubbles accidentally formed in the skid pipes are very small at high 
pressures and are harmless. The here described method of heat salvage 
requires a close coordination between furnace operation and power- 
plant operation. 

The economics of waste-heat boilers are discussed in Volume II. 

Installations in which a single furnace is equipped with a waste- 
heat boiler are very scarce. Contrariwise, it is common practice in 
small forge plants to attach a waste-heat boiler to two or more fur- 
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naces. In such plants, the short circuit (required by law in some 
European countries) from furnace to stack is usually omitted. This 
short circuit is opened up in case of accident to the boiler and allows 
continued operation of the furnace. It can also be opened up if there 
is danger of overheating part of the boiler, and possibly causing an 
explosion. 

In those American plants that use waste-heat boilers, this by-pass 
is of little use, for, if a boiler tube bursts, the steam hammers or press 
must stop operating, and it is useless to try to keep the furnace hot. 
Furthermore, when water-tube boilers are used the danger of explosion 
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Fig, 178. American installation of waste-heat boiler on forge furnace. 


is almost entirely absent, and, if a boiler tube bags or bursts and hot 
gases pass through the boiler for a while, not much harm is done. 

An American installation of this type is shown in Fig. 178. It shows 
two coalfired furnaces discharging their gases through a Wickes boiler. 
The flues are very short. Auxiliary oil burners are provided for emer¬ 
gency purposes. Dampers are installed between each furnace and the 
boiler, and are used either in the wide-open or the dead-shut position. 
They are necessary because one furnace may be off for repairs. It is 
also advisable to have a damper on the low-temperature side of the 
boiler for regulating the pressure in the furnace. 

An English waste-heat boiler installation is shown in Fig. 179, and a 
German installation in Fig. 180. In the latter illustration, the by-pass, 
with its removable brick partition, is clearly shown. It is obvious 
that a boiler with flat superheater surfaces, as shown in this illustra¬ 
tion, needs quick action in case of overheating. 
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179. English installation of waste-heat boiler on heating furnac 
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From the foregoing examples it may be concli^led that 10 to 90 per 
cent of the products of combustion may reach the waste-heat boiler, 
and that a careful weighing of all the circumstances is necessary for a 
correct judgment of the proper fraction of the products of combustion. 

The curves of Fig. 176 may be used where there is an appreciable 
temperature drop of the gases passing from the furnace to the boiler, 
by multiplying the values by the factor, 


0.97 


( Temperature entering boiler minus temperature leaving boiler 
Temperature leaving furnace minus temperature leaving boiler, 


For instance, if the furnace temperature = 2300 F, temperature drop 
in flue = 200 F, and gases leave boiler at 750 F, then the coefficient 


is 0.97 


/ 2100 - 750 \ 
\2300 - 750/ 


= 0.84. 


Boiler horsepower available per million 


Btu used by furnace == 0.84 X 29 (from Fig. 176) = 24.4 boiler horse¬ 
power. 

This is not the place for a treatise on boiler design, but a few words 
are needed concerning the differences between the usual boiler installa¬ 
tion and a waste-heat installation. In the latter, all the heat transfer 
is effected by convection and by radiation from clear gases, whereas in 
the former, the greater part is effected by radiation from the flame or 
fuel bed. In waste-heat boilers, therefore, not only is the heat-transfer 
coefficient lower, but also the average temperature difference is con¬ 
siderably less, and a larger amount of heating surface is required for a 
given boiler horsepower output. The heat transfer can be increased 
and the required heating surface reduced by passing the gases at high 
velocity through long, narrow paths. This is possible, however, only 
by the use of fans to supply additional draft; accordingly, the majority 
of modern installations are designed for induced draft. 

For the extraction of waste heat, the single-pass horizontal fire-tube 
boiler having a very large number of small tubes is now widely used in 
the United States. An example is shown in Fig. 181. With a given 
draft, a higher heat-transfer rate can be obtained in this type of boiler 
than in the water-tube type. Furthermore, there is less danger of 
explosions where the gases contain unconsumed combustible, and less 
chance of air infiltration. It is also stated that the fire tubes are kept 
clean more easily; this is very important in waste-heat boilers, because 
any reduction of the already low rate of heat transfer by an insulating 
layer of dust greatly reduces the heat recovery. The fire-tube boiler is 
not suitable for installations where the temperatures vary rapidly, 
because tube leaks develop; neither is it desirable where the feedwater 
is very bad, because of the difficulty of removing scale from it. In such 
cases, water-tube boilers are used. The two tvoes have been found 
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to have about the same efficiency of heat recovery when the gases are 
above 1800 F, but at lower temperatures the water-tube type falls 
behind very rapidly, probably because of air infiltration. A vertical 



Fig. 181. Horizontal fire-tube waste- Fig. 182. Vertical fire-tube 

heat boiler. waste-heat boiler. 


fire-tube boiler is shown in Fig. 182. This waste-heat boiler was 
developed to serve in connection with water-gas generators. 

In modern installations, an economizer is occasionally installed in 
series with the boiler, and sometimes a superheater also. 



Fig. 183. Waste-heat boiler over continuous furnace. 


Mention was made of the possibility of installing waste-heat boilers 
over hard-driven continuous furnaces. An example of this type is 
shown in Fig. 183. This furnace and boiler installation was described 
by 0. D. Pratt in a paper before the American Society of Mechanical 
Engineers, in December 1916. In order to secure high output for the 
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limited floor space, the furnace was purposely designed with a large 
combustion chamber, and was intended to be “flame-filled.” The flue 
gases leave the furnace with temperatures up to 1745 F, which is very 
attractive for the generation of steam. 

Whenever a continuous furnace is called on to heat thick steel billets 
or slabs at a high rate (per sq ft, hr), the installation of an overhead 
waste-heat boiler, as shown in Fig. 183, is correct engineering, provided 
there is appropriate use for steam reasonably near the furnace. 

In the first quarter of the twentieth century, a waste-heat boiler was 
a good investment, because recuperators were unreliable and because 
much of the machinery near a furnace was operated by steampower. 
At this writing, waste-heat boilers are less desirable, because properly 
designed recuperators are reliable, and, furthermore, machinery is 
operated by electric motors which receive their energy from a central 
powerplant. The latter may be several miles away from the furnace. 



chapter 


Strength and Durability 
of Furnaces 


1. PROPERTIES OF MATERIALS USED 

IN FURNACE CONSTRUCTION 

Furnaces are built up of metal parts, of heat-resisting non-mctallic 
materials, which are called “refractories,” and of concrete. The factors 
that affect the strength and durability of furnaces are: 

1. High temperature. 

2. Variations of temperature. 

3. Chemical effect of oxides, sulfur compounds, and slags. 

4. Oxygen and other gases or vapors at high temperature. 

5. Explosions. 

6. Mechanical injury by moving solids. 

7. Steam and water. 

8. Excessive loading on roofs and sidewalls. 

9. Yielding of foundations. 

10. Vibrations. 

These individual causes produce a variety of effects in hearths, 
sidewalls, roofs, binding, doors, resistors, recuperators, and regener¬ 
ators. Before these different effects can be evaluated, the physical and 
chemical properties of the materials entering into furnace construc¬ 
tion must be briefly reviewed. 

Evidently, the furnace engineer selects those materials which have 
the required strength and durability at lowest cost. 

Metals are used in or on furnaces for electrical resistors, skids and 
hearth bars, walking beams, rollers, roller rails, furnace chains, muffles. 
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jackets, binding, furnace fronts, door frames, and sills. Cast iron and 
carbon steel, being the cheapest metallic materials having great 
strength, are used wherever possible. They are not durable when ex¬ 
posed to high temperatures, first, because their mechanical strength 
decreases, and second, because they oxidize and bum away. Figure 
184 shows the quick pull tensile strength of soft, medium, and hard 
steel as a function of temperature; Fig. 185 shows the tensile strength 
of gray cast iron and of ductile iron. This illustration teaches that at 


IM9000I 



Temperature — Decrees rohr. 

Fig. 184. Tensile strength of steel at various temperatures. 

elevated temperatures conventional cast iron should not be used in 
tension, but only in compression. Ductile gray (nodular) cast iron 
may be used in tension.* 

Inside the furnace, that is to say, for hearth bars of annealing fur¬ 
naces and of heat-treating furnaces, cast iron is better than steel, be¬ 
cause it does not oxidize quite so readily. If cast iron is used for 
heaHh bars or hearth plates, it is advisable to subdivide the hearth 
into short sections and to lock one end of each section into the brick¬ 
work, allowing for expansion and growth (see Fig. 186). It may be 
argued that iron and firebrick have almost the same linear expansion, 
and consequently no subdivision is needed; but the hearth bars assume 

♦Complete information on the properties of cast iron can be found in Gray 
Irort, Casting Handbook, published 1958 by the Gray Iron Founders’ Society, 
Cleveland, Ohio. 
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Fig. 185. Tensile strength of cast iron at elevated temperatures. 

A —Ductile (nodular) iron, annealed 
B —Gray iron as cast 

C —Gray iron, annealed 2(X) hr at 1020 F 
D —Gray cast iron 

E —Gray cast iron, 3.45% C, 2.1% Si 

furnace temperatures much more quickly than the brickwork, and 
ordinary cast iron grows in volume after each alternate heating and 
cooling. For both reasons, space must be allowed for expansion. In 


Fig. 186. Cast-iron hearth 
plates anchored in brickwork. 

a few furnaces the chemical composition of cast iron or steel bars is 
an objection to their use, and other materials must be employed. 

The growth or irreversible expansion of cast iron becomes noticeable 
above 800 F. It is considerable after repeated heating to 1500 F or 
above. There appears to be no limit to the growth of cast iron that 
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is repeatedly heated to 1500 F (or above). Silicon or chromium, on 
both, greatly reduce the permanent growth of cast iron. Ductile iron 
grows less than ordinary iron. Figures 187 and 188 contain reliable 
information on the growth of cast iron. 



Fig« 187. Expansion and growth of 
cast iron, after a single heating. 

Curve A for cast iron of 3.08 per 
cent C, 1.68 per cent Si. (Symposium 
ASTM 1931, p. 689.) 

Curve B for cast iron of 3.99 per 
cent C, 1.60 per cent Si, heated in ^4 
hr, then cooled in 2% hr. {Engineering, 
1931, p. 839.) 



Number of heating and cooling cycles 
fi50o*P. for 9hours) 


Fig. 188. Growth and oxidation of 
cast iron after repeated heating and 
cooling. 

Curves C for plain cast iron, 356 
per cent C, 2.02 per cent Si. 

Curves D for cast iron containing 
3.04 per cent C, 1.62 per cent Si, 1451 
per cent Ni, 557 per cent Cu, 356 per 
cent Cr. {Transactions American So- 
ciety for Steel Treating, Volume 18, 
1930, p. 923.) 


Reported tests show a growth of 9 per cent in 40 cycles totaling 320 
hours. Other tests have shown a growth for plain cast iron of 3% 
per cent for 35 cycles (total 320 hours) at 1472 F. It is evident that 
repetitive heating as well as temperature are important in the amount 
of growth, and that ample room must be provided for this growth. 

Any cast iron may be used for temperatures below 1300 F. Ductile 
(alloy) iron is serviceable up to 1600 F. Above this temperature, no 
cast iron is durable. 

Steel also exhibits the phenomenon of permanent growth after re¬ 
peated heating to 1600 F or above, but the growth is very small in 
comparison with the permanent growth of cast iron. Growth of steel 
occurs if great temperature differences exist between surface and 
interior. 

Neither cast iron nor plain carbon steel can be used on the inside 
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of high-temperature furnaces (above 1600 F) unless the metal is water- 
cooled or unless protective atmosphere gas is used. Dead-soft, welded 
steel plate is a serviceable material for water-cooled metal parts inside 
of the furnace, because it does not exhibit cracks if subjected to great 
differences of temperature. In furnaces with hydrogen and other pro¬ 
tective atmospheres, alloy-steel is used for covers and for other metal 
parts at temperatures up to 2100 F. 

Metals that are to have extended life in furnaces with temperatures 
in excess of HOOF must meet two requirements: 

1. They must not be oxidized rapidly; neither must they be attacked 
by mildly sulfurous atmospheres. 

2. With a reasonable stress, deformation must be so slow that re¬ 
shaping or replacement becomes necessary only after long usage. 

A number of alloying elements, if added in sufficient proportion, 
impart to iron one or the other or both of these properties. Such ele¬ 
ments are chromium, nickel, cobalt, molybdenum, tungsten, colum- 
bium, and titanium. 

During and after World War II, a large number of heat-resisting 
alloys were developed. They contain various percentages of the above- 
named elements and still others. These alloys, which were given 
numbers, were intended for parts of gas turbines and oil turbines. For 
that use, resistance to ^^creep^^ under high stress and at high tempera¬ 
ture is very important because of the high stress which is caused by 
centrifugal force (which stress cannot be reduced by increase of cross- 
section) and because of the small clearances between stationary and 
revolving parts. 

Inquiries among furnace builders and makers of heat-resisting alloys 
indicate that, so far as industrial furnaces are concerned, iron-carbon- 
chromium-nickel alloys, usually without other alloying elements, are, 
at this writing, generally used. Among the few exceptions is an alloy 
(NA-22-H), patented in the United States, that has great strength 
at temperatures up to 2200 F, and resists oxidation at these tempera¬ 
tures. This alloy, which contains tungsten, is used for furnace rails, 
radiant tubes, burner nozzles, and other difficult furnace parts. The 
probable reasons for getting along without the rarer elements are that 
tensile stress can be kept low and that a noticeable amount of creep 
does but little harm in industrial furnaces. For the walls of metallic 
recuperators, a small addition of titanium or columbium is helpful (see 
section on strength and durability of recuperators, Volume II). 

The nickel-chromium alloys are extensively used for electrical re¬ 
sistors, carburizing boxes, heat-treating containers, hearth plates. 
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chains, walking beams, recuperators, and for any other purpose for 
which resistance to oxidation, coupled with high heat conductivity 
(compared to refractories), or high tensile strength is heeded. The 
use of nickel-chromium alloys would be even more general if it were 
not for their price, which is 15 to 20 times that of steel, varying with 
market fluctuations. 



Fig, 189, Temperature-strength relations for various metals and alloys. Quick- 
pull tests. 

There have been few changes in the data on the properties of nickel- 
chromium alloys since the publication of the fourth edition (1961). 
Table 19 shows those alloys which are commonly used in furnace 
design. 

In judging the strength of thermoalloys, a distinction must be made 
between quick-pull strength and creep strength. Hot metals are vis¬ 
cous. This statement means that, although they oppose great resis¬ 
tance to quick deformation, they are deformed slowly and steadily by 
a stress which is only a fraction of the quick-pull strength. Although 
the quick-pull strength is of value only for purposes of comparison, 
data on this strength are given in Fig. 189. 

Information on creep strength is more important. By creep strength 
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TABLE 19. Physical and Chemical Properties of Heat-Resisting Alloys 


Group 

I 

II 

III 

Designation in U.S.A. 

Inconel 

“65-15” 

NA-22-H 

Cr 

14 

11-20 

26.3 

Ni 

80 

60-64 

46 

C 

0.20 cast 


0.44 


0.08 rolled 



Approximate chemical composition, Si 
per cent 

2.0 cast 


0.99 

Mn 

0.25 rolled 


1.36 

Fe 

6.0-6.5 

20-25 


W 



5.28 

Specific gravity 

8.4 

8.29 rolled 




8.06 cast 


Weight, pci 

0.307 

0.290 


Tensile strength, cold, psi 

112.000 rolled 

64,000 cast 

65,000 cast 


70,000-95,000 cast 

102,000 rolled 


Heat expansion per (F, in.) per in. 

0.000009 

0.0000073 

0.0000086 

Shrinkage allowance for castings, in. per ft 

Heat conductivity, Btu per (ft, hr, F) at 


... 


room temperature 

8.65 

6.2 


Specific heat 

0.109 

0.114 at room temp. 


Electrical resistance, ohms per circular 
mil ft 

Temperature coefficient of electrical 

620 

660 rolled 

720 cast 


resistance 

0.000006 

0.0000095 



is meant that stress which, in a given time and at a given temperature, 
will not stretch the material more than a given fraction of its original 
length. It may be seen readily that the creep strength varies not only 
with the temperature but also with the amount of specific (or unit) 
elongation in a predetermined time. Commonly accepted time figures 
for creep strength are 1 per cent stretch in 10,000 hr, and also 1 per 
cent in 100,000 hr. Figure 190 teaches that, at high temperatures, an 
exceedingly small stress suflSces to bring about a creep of 1 per cent 
in 100,000 hr. If a furnace is operated 20 hr per day, 300 days per 
yr, the working hours in 1 yr are 6000. At a deformation rate of 1 
per cent in 100,000 hours, the stressed object would be deformed 1 per 
cent in a time which is longer than 16 yr. Competition among furnace 
builders has caused them to work with stresses that are much higher 
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TABLE 19 

1 

1 


IV 

V 

VI 

VII 

“35-15’* 

“25-12“ 

Type 446 

Type 309 

15-20 

22-30 

23-27 

22-24 

35-40 

8-18 

0 

12-15 

0.40-0.60 cast 

0.50 cast 

0.25 max rolled 

0.50 cast 

0.10-0.25 rolled 

0.05-0.15 max rolled 


1.0-1.5 

1.0 max 

1.0 max 


1.0 

1.5 

2.0 max 

Balance 

Balance 



7.92 

7.0 

7.65 

7.88 

0.290 

0.252 

0.270 

0.285 

65,000-68,000 cast 
95,000 rolled 

65,000-110,000 cast 
90,000-115.000 rolled 

40,000-50,000 cast 
75.000-95,000 rolled 

95,000 cast 
85,000-110,000 rolled 

0.0000075 

0.000009 

0.0000069 

0.0000108 

H in. 

H in. 

... 


5.5-7.5 

9.4 

12.1 

8.0 

).112 at room temp. 

0.14 mean, 60-1600 F 

0.12 mean, 60-1600 F 

0.118 at room temp. 
0.155 mean (to 1600 F) 

670 cast 

570 

413 

481 


than those which cause this almost imperceptible deformation. Carbon 
content in any ferrous alloy increases creep strength but reduces 
ductility, with the result that the high-strength alloys cannot be forged 
or rolled. In consequence, rolled parts, such as plates, bars, and tubes 
have a lower creep strength than high-carbon castings of alloy steel. 
Figure 190a contains information on the creep strength of several 
commonly used low-carbon alloys. Examples of working stresses for 
cast alloys are given in the curves (Figs. 191 to 196) which were ob¬ 
tained from the Electro-alloys Division of the American Brake Shoe 
Company. (Other makers of alloys recommend similar values.) It 
will be seen that the limiting creep stress is defined as that stress which 
will produce 1 per cent elongation in 10,(X)0 hours and that the recom- 
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mended design stress is one-half of the limiting creep stress. Many 
furnace designers use these values for rotating parts such as rollers, 
where the stress is continuously reversed, but recommend design stresses 
of one-third of the limiting creep stress values for other parts. 



eoo 1000 tioo mo moo moo zooo 
Temperature, de<j. F 

Creep strength of carbon steel and nickel-chromium alloy steels, in 

Solid lines show stress to produce 1 per cent extension in 100,000 hr. Broken 
lines show stress to produce 1 per cent extension in 10,000 hr. (Compiled from 
tests of French, Kanter, Lobley, Norton. See Symposium on Effect of Tempera¬ 
ture on Metals, ASTM-ASME, 1931. Data for 18-8 alloy from U. S. Steel Corpo¬ 
ration, Allegheny Steel Company, and Associated Alloy Steel Company.) 

The recommended design stress varies with the percentage of carbon, 
nickel, and chromium in the alloy. It is interesting to note that the 
carbon content of cast alloys goes up as high as 0.5 per cent. This is 
noteworthy because alloys of this type cannot be rolled or forged 
if the carbon content exceeds 0.12 per cent. In cast materials, the 
carbides are precipitated at the grain boundaries and offer decided 
resistance to slippage. It is not advisable to go beyond 0.5 per cent 


Fig. 190. 

tension. 
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Fig. 190o. Creep strength of plain carbon and alloy rolled steels. (Varioufi 
sources.) 


Analyses of These Steels: 

Max Max Max Max 

Alloy C Mn P S Si Ni Cr Mo Nj 

310 0.25 2.00 0.04 0.03 1.5 19-22.0 24-26.0 

314 0.25 2.00 0.04 0.03 1.5-^.0 19-22.0 23-26.0 

316 0.10 2.00 0.04 0.03 1.00 10-14.0 16-18.0 2.00-5.00 

430 0.12 1.00 0.04 0.03 1.00 0.50 14-18.0 

446 0.35 1.00 0.04 0.03 1.00 0.50 23-27.0 


0.025 
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Temperature, F 

Fig. 191. Strength-temperature chart for 12 per cent Cr alloy. P^lcvatcd tem¬ 
perature properties, 12 per cent Cr, 60 per cent Ni, heat-resistant alloy, austenitic 
grade at 0,50 per cent C. 

Typical Tensile Properties (Room Temperature) 


Ultimate 

Tensile 


Heat Treatment, 

Yield Strength, 

Strength, 

Elongation, 

Reduction 

Hardness, 

F, Hr Cooling 

0.2% psi 

psi 

2 in, % 

Area, % 

BHN 

As cast 

30,000 to 

59,000 to 

3 to 9 

4 to 9 

166 to 198 


37,000 

73,000 




1400-24, 

49,000 to 

80,000 to 

3 to 9 

4.3 to 

196 to 220 

furnace cooling 

61,000 

88,000 


10.5 



(Courtesy of American Brake Shoe Company.) 










Avg. Coeff. of Thermal Exp. 

In./in./F 

Range, F x 10® 

80-1200 8 1 

80-1400 8.4 

80-1600 8.6 

80-1800 88 

80-2000 9.2 

1200-1600 10.0 
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carbon, because alloys with higher carbon content immediately become 
brittle in service. Such alloys have a high coefficient of expansion 
and a low coefficient of heat conductivity. For that reason, they are 
very susceptible to stresses which are caused by changes in tem¬ 
perature. 

With so many alloys from which to make a selection, the furnace 
designer may become bewildered. Without doubt, the best plan is to 
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Fig. 192. Strength-temperature chart for 16 per cent Cr alloy. Elevated 
temperature properties, 16 per cent Cr, 35 per cent Ni, heat-resistant alloy, aus¬ 
tenitic grade at 0.50 per cent C. 


Typical Tensile Properties (Room Temperature) 
Ultimate 
Tensile 


Heat Treatment, 

Yield Strength, 

Strength, 

Elongation, 

Reduction 

Hardness, 

F, Hr Cooling 

0.2% psi 

psi 

2 in., % 

Area, % 

BHN 

As cast 

38,000 to 
52,000 

60,000 to 
72,000 

4to20 

6 to 21 

156 to 200 

1400-24, 
furnace cooling 

50,000 to 
67,000 

84,000 to 
92,000 

3 to 10 

4 to 18 

200 to 215 


(Courtesy of American Brake Shoe Company.) 
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Avg. Coeff. of Thermal Exp. 

In./in./F 

Range, F X 15® 

80-1200 9.0 

80-1400 9.1 

80-1600 9.3 

80-1800 9.5 

80-2000 9.8 

1200-1600 10.0 
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Fig. 193. Strength-temperature chart for 18 per cent Cr alloy. Elevated tem¬ 
perature properties, 18 per cent Cr, 38 per cent Ni, heat-resistant alloy, aus¬ 
tenitic grade at 0.50 per cent C. 


Typical Tensile Properties (Room Temperature) 


Heat Treatment, 
F, Hr Cooling 
As cast 

1400-24, 
furnace cooling 


Ultimate 

Tensile 

Yield Strength, Strength, Elongation, 
0.2% psi psi 2 in., % 

25,000 to 67,000 to 4 to 16 

40,000 72,000 

40,000 to 73,000 to 3 to 9 

45,000 80,000 


Reduction Hardness, 
Area, % BHN 

3 to 17 160 to 200 

4 to 9 200 to 215 


(Courtesy of American Brake Shoe Company.) 


submit each typical furnace problem to a reliable maker of heat- 
resisting alloys. Such makers stress the importance of knowing the 
type of alloy to use. It must, however, be remembered that an alloy 
which was recommended for one condition may fail if subjected to a 
higher temperature or to a more corrosive furnace atmosphere. 

In view of the somewhat complicated alloy situation, a few hints 
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Fig. 194. Strength-temperature chart for 26 per cent Cr alloy. Elevated tem¬ 
perature properties, 26 per cent Cr, 20 per cent Ni, heat-resistant alloy, austenitic 
grade at 0.40 per cent C. 


Typical Tensile Properties (Room TBifPBRATURB) 


Ultimate 

Tenale 


Heat Treatment, 

Yield Strength, 

Strength, 

Elongation, 

Reduction Hardness, 

F, Hr Cooling 

0.2% psi 

psi 

2 in., % 

Area, % 

BHN 

As cast 

40,000 to 
72,000 

72,000 to 
84,000 

14 to 24 

15 to 31 

156 to 179 

1400-24, 
furnace cooling 

40,000 to 
74,000 

76,000 to 
95,000 

6 to 18 

6 to 22 

174 to 207 


(Courtesy of American Brake Shoe Company.) 


on their proper use are in order. When sulfur-bearing oil or coke- 
oven gas serves as fuel, alloys should have at least 24 per cent chro¬ 
mium, if exposed to a temperature above 1800 F. An alloy containing 
26 per cent chromium and 12 per cent nickel is a favorite for this con- 
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Fig. 195. Strength-temperature chart for 26 per cent Cr plus high-nickel-content 
alloy. Elevated temperature properties, 26 per cent Cr, 35 per cent Ni, heat- 
resistant alloy, austenitic grade at 0.36 per cent C. 


Typical Tensile Properties (Room Temperature) 


Ultimate 

Tensile 


Heat Treatment, 

Yield Strength, 

Strength, 

Elongation, 

Reduction 

Hardness, 

F, Hr Cooling 

0.2% psi 

psi 

2 in., % 

Area, % 

BHN 

As cast 

32,000 

68,000 

19 

18 

170 

1400-24, 
furnace cooling 

46,000 

78,000 

6 

5 

176 


(Courtesy of American Brake Shoe Company.) 


dition. In the absence of sulfur, this alloy can be strengthened by 
raising the nickel content to 15 or even 20 per cent. 

When sulfur conditions are extremely severe and the stress is com¬ 
paratively low, an alloy containing 29 per cent chromium and 9 per 
cent nickel serves well. It has great resistance to sulfur attack, at the 
expense of strength. 

When the sulfur problem is absent, an alloy containing 35 per cent 
nickel and 15 per cent chromium is widely employed. Most of the 
miscellaneous furnace parts used in automotive and aircraft plants are 
made from this alloy. It has good strength and excellent resistance to 
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Temperature, F 

Fig. 196. Strength-temperature chart for 26 per cent Cr alloy. Elevated tem¬ 
perature properties, 25 per cent Cr, 9 per cent Ni, heat-resisting alloy, partially 
ferritic grade at 0.35 per cent C. 

Typical Tensile Properties (Room Temperature) 


Ultimate 


Heat Treatment, 

Yield Strength, 

Strength, 

Elongation, 

Reduction 

Hardness, 

F, Hr Cooling 

psi 

psi 

2 in., % 

Area, % 

BHN 

As cast 

42,000 to 

95,000 to 

4.5 to 

2.7 to 

207 to 269 


76,000 

107,000 

18.0 

17.0 


1400-24, 

60,000 to 

79,000 to 

0.0 to 

0.0 to 

226 to 387 

furnace cooling 

70,000 

88,000 

4.6 

6.2 



(Courtesy of American Brake Shoe Company.) 


oxidation at temperatures up to 2000 F. Since this alloy has consid¬ 
erable resistance to thermal fatigue, it is normally utilized for large 
retorts, calcining tubes, and other sizable castings involving thermal 
gradients, as well as for moving parts and those subjected to bending 
stresses. The chromium-predominating alloys are ordinarily used for 
skids, hearth plates, and other parts which do not move and are suit¬ 
ably supported in the furnace. When temperature changes are ex¬ 
tremely severe, alloys containing either 60 per cent nickel and 12 per 
cent chromium or a special alloy such as that of group III in Table 19 




Fig. 197. Comparison of the rate of scaling of various steels at elevated 
temperatures. 


Analyses 

of these 

steels: 












Max 

Max 


Max 

Max 

Max 



SAE 

C 

Mn 

P 

S 

Si 

Ni 

Cr 

Mo 

Va 

W 

1015 

0.13 

0.30 

0.04 

0.05 

0.15 

0.25 

0.20 

0.06 




to 

to 



to 







0.18 

0.60 



0.30 






1030 

0.28 

0.60 

0.04 

0.05 

0.20 

0.26 

0.20 

0.06 




to 

to 



to 







0.34 

0.90 



0.36 






1090 

0.86 

0.60 

0.04 

0.05 

0.20 

0.25 

0.20 

0.06 




to 

to 



to 







0.98 

0.90 



0.35 






2320 

0.18 

0.40 

0.04 

0.04 

0.20 

3.25 

0.20 

0.06 




to 

to 



to 

to 






0.23 

0.60 



0.35 

3.76 





3130 

0.28 

0.60 

0.04 

0.04 

0.20 

1.10 

0.55 

0.06 

1.00 

17.6 


to 

to 



to 

to 

to 


to 

to 


0.33 

0.80 



0.35 

1.40 

0.76 


1.25 

18.5 

High 

0.71 

0.20 

0.03 

0.03 

0.20 

0.60 

3.75 




speed 

to 

to 



to 


to 





0.76 

0.40 



0.40 


4.25 
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are recommended (in the absence of sulfur). All of these alloys, ap 
already mentioned, can be modified for specific service by altering the 
carbon content, upward for strength, downward for ductility. 

One of the most corrosive elements is oxygen. Oxidation of iron 
and steel becomes serious at about 1000 F and increases by leaps and 
bounds as the temperature is increased. Figure 197 gives loss of weight 
in pounds per (sq ft, hr) for several steels in a furnace atmosphere 
resulting from perfect combustion of manufactured gas, based upon 
tests reported by Murphy and Jominy, Research Bulletin 21, October 
1931, University of Michigan. 

Mild steel and alloy steel are the materials for many mufiles, such 
as hoods in annealing furnaces for sheets and coils of strip. The 
furnace engineer is often confronted with the question, whether fre¬ 
quently replaced muffles of plain carbon steel or more durable muffles 
of alloy steel are the more economical. The decision is affected by 
the relative corrosion and by the price of alloys. This price varies 
with market conditions and cannot be discussed here, but scale forma¬ 
tion can be discussed. 

Metallic surfaces of the nickel-chromium alloys oxidize readily, but 
a thin, closely adhering film of oxides of nickel and of chromium forms 
on the surface and resists oxygen penetration; thereafter the film 
increases in thickness very slowly. With some of the alloys, if the 
oxide film is first formed at moderate temperatures, it is more adherent 
and less likely to flake off in high-temperature service than if initially 
formed at the high temperatures. As previously mentioned, the pres¬ 
ence of sulfur compounds usually causes rapid corrosion (pitting) of 
alloys containing nickel. 

In so-called reducing atmospheres, scaling is decreased, but by no 
means absent. 

In an effort to raise the allowable working temperatures of elec¬ 
trical resistor furnaces, a number of metals and alloys have been de¬ 
veloped for the heating elements (for details see Industrial Furnaces, 
Volume II). 

Many attempts have been made to extend the usefulness of un¬ 
alloyed steel in the region of high temperatures by protective coatings. 
One of the best methods bears the name ^^calorizing” (called ^‘aletizing” 
in Europe). ^^Calorized metal” is cast iron or soft steel, the surface 
of which is protected by alloying with aluminum, producing an alumi¬ 
num oxide film. This protects the iron from oxidation up to 1750 F. 

By a special process, the aluminum-iron alloy film has been in¬ 
creased to about 0.020- to 0.030-in. thickness and the brittleness is 
much reduced. The cost of calorizing is rather high. It is frequently 
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cheaper to use iron or steel without protection and to renew the pieces 
from time to time. 

Refractories. The furnace proper (walls, roof, hearth) must be 
constructed of materials which remain rigid and strong at furnace 
temperatures and which are poor conductors of heat. Another require¬ 
ment is that furnace atmospheres and slag affect them very little. 
Such materials are called refractories. With but few exceptions, re¬ 
fractory materials are oxides. Table 20 furnishes information on 
refractory materials in their commercial (i.e., impure) condition. 
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Fig. 198. Crushing strength as a function of temperature for various standard 
brands of fireclay bricks. 


The common rule is that the cheapest refractory material that 
stands up under the prevailing conditions (of temperature, load, fur¬ 
nace atmosphere, and slag) is selected. For the great majority of 
industrial furnaces that material is fireclay. The term “fireclay’^ in¬ 
cludes materials of many different compositions. And the term ^‘fire¬ 
clay brick'^ or, for short, “firebrick” includes, in addition to differences 
in composition, bricks produced by different methods of manufacture. 
In consequence, firebricks have widely varying properties, as illus¬ 
trated by Fig. 198 which shows clearly that the relation between 
temperature and crushing strength is far from uniform for firebricks 
of different brands. The tests from which Fig. 198 was plotted were 
made more than thirty years ago. Today the differences are even 
greater, because the quality of firebricks is now superior to that which 












TABLE 20. Representative Chemical Analysis of Refractories* 
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insulating refractories, although made of the same materials, are less 
strong because the bricks are full of pores. 

The differences are, at least in part, explained by the phase diagram 
of silica-alumina (see Fig. 199) which, by its upper curve, furnishes 
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the relation between silica-alumina ratio (abscissae) and fusion tem¬ 
perature of the mixture (ordinates). For the composition 3 per cent 
alumina and 97 per cent silica, the fusion temperature is about 3030 F. 
For the composition 29 per cent alumina and 71 per cent silica, which 
corresponds to a low-grade firebrick, the apparent fusion temperature 
lies above 3200 F. This temperature is higher than the fusion tem- 
oerature of pure silica, and vet at 3000 F a silica brick st.epdfpstlv 
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bears loads under which the low-grade firebrick is gradually but uiji- 
ceasingly squashed. The same is true for an average firebrick which, 
according to Fig. 199, fuses at a temperature slightly below 3300 F. 
The reason for this anomalous behavior is the presence (in the brick) 
of the eutectic, which melts at 2820 F. The presence of this glassy 
eutectic causes the bricks to become soft before they melt. 



Temperature of test, F Temperature of test, F 


Fig. 200. Change in length and modulus of elasticity with temperature, for 
bricks in compression. 

1 and 2 Firebricks 

3 Alumina brick 

4 Silica brick 

However, this is not the whole story. From Table 20 it can be 
seen that fireclay contains iron oxide. This latter constituent forms 
a glassy eutectic with the silica of fireclay and depresses the fusion 
point to 2200 F. Low-grade fireclay contains additional fiuxing ma¬ 
terial which depresses the softening point still more and makes the 
firebricks worthless for high temperatures. High-grade firebricks are 
produced from clays that contain very little iron oxide and other fluxes. 

The glassy eutectics in refractories are viscous. They yield at high 
temperatures and when subjected to stress. In consequence^ low-grade 
firebricks change their shape at high temperatures and if loaded. 
Figure 200* illustrates their behavior, if the refractories are com- 

^The curves of Figs. 200 and 201 were adapted from a greater number of 
curves published by L. E. Mong in the Journal of American Ceramic Society, 
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pressed. Figure 201* refers to yielding if the refractories are in 
tension. Refractories are now subjected to tension, for instance, in 
suspended roofs and in chain-walls. In such applications tensile 
stress is often increased by bending action. For that reason, furnace 
engineers usually consider the tensile strength of refractories to be 
only one-third of the compressive strength. Another factor enters: 
Refractories that are subjected to tension have odd shapes in which 
shrinkage cracks are apt to occur. In compression, a crack transmits 
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Fig. 201. Change m length and modulus of elasticity with temperature, for 
bricks in tension. 
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force; but in tension, the crack not only transmits no force, but it also 
acts as a stress raiser. At the edge of the crack, the stress often is 
nine times as high as it would be without the crack. 

Ascertaining the tensile strength of refractories at elevated tempera¬ 
tures is difficult and costly. For that reason, an approach to the 
tensile strength is obtained by testing refractory bricks in bending. 
The stress at which they fail is computed from the standard beam 
equation and is called the modulus of rupture. Since, in bending, the 
inner portions of the brick support the skin, the modulus of rupture 
is greater than the tensile strength. The latter is roughly two-thirds 
of the modulus of rupture. 

In spite of the great number of variables which aflfect the strength 
of firebricks, selection of the most suitable type is usually not difficult. 
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For temperatures not exceeding 1400 F, lowrduty firebricks suflSce. 
Their fusion point is 2770 F, which corresponds to pyrometric cone- 
equivalent PCE 19. For temperatures up to 1700 F, ^‘moderate-duty” 
firebricks are suitable. They range between 26 and 28 PCE; this is 
equivalent to the range between 2903 and 2939 F. For furnace tem¬ 
peratures (which are always higher than the temperature of the 
charge) up to 2200 F, “intermediate-heat-duty” bricks are advisable 
except in tension and in places where the high temperature can pene¬ 
trate deeply into the brickwork. Such bricks have a PCE of 28 to 31, 
which is equivalent to the range between 2939 and 3056 F. Tempera¬ 
tures up to 2500 F are encountered in modern furnaces. For such tem¬ 
peratures “high-duty” bricks, usually aluminous, serve very well. 
They are rated at 31 to 33 PCE, that is to say, between 3056 and 
3173 F. Temperatures above 2500 F are encountered in “high-speed” 
heating furnaces, and “superduty” bricks are available with PCE 33 
to 34, in the temperature range between 3175 and 3200 F. The fusion 
temperatures lie at a much higher level than the furnace temperatures. 
The reason, as may be remembered, lies in the fact that firebricks be¬ 
come soft and yield under load at temperatures that lie several hun¬ 
dred degrees Fahrenheit below their fusion points. 

Strength and durability of firebricks are affected not only by tem¬ 
perature, but also by other factors. Among these are (1) temperature 
gradient in bricks, and (2) superimposed load. Temperature gradient 
has two effects, one of which is illustrated by Fig. 202. If a thick or 
well-insulated wall of low-grade firebrick is exposed to high tempera¬ 
ture, the soft, mushy layer of brick on the hot face is so thick and 
heavy that it gradually sloughs off. In a thin wall, the soft layer is so 
thin that it sticks. If it sloughs, the process is extremely slow. This 
situation has led to an absurd practice. Roofs and walls are often 
left without insulation in the regions of highest temperature, where 
insulation would save the greatest amount of fuel. This practice 
is a leftover from the days when superduty bricks were not avail¬ 
able. 

Although a steep temperature gradient prevents sloughing, it pro¬ 
duces an undesirable effect, namely, spalling. Like all other materials, 
refractories expand with rising temperature. From Fig. 203 it can be 
seen that the expansion characteristics of refractories differ, and also 
that, for each refractory, a temperature range with rapid expansion 
exists. If, within a short distance, a great difference in teihperature 
exists within a refractory, spalling occurs unless the great temperature 
difference comes within the plastic range of the refractory. Severe 
temperature gradients are produced transiently by rapid heating, or 
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permanently if a thin wall is water-cooled on one side while the other 
side is exposed to furnace temperature. 

The rapid expansion of silica brick in the brittle range below 1200 F 
is the reason why the use of such bricks is avoided in industrial fur¬ 
naces that are shut down overnight or over the week end. Furnaces 
built of silica bricks must be heated up very slowly and preferably 



Fig. 202. Temperature gradient through furnace walls of different thickness 
(equal pressure on both sides of the wall). 

kept above 1100 F during each shutdown. Fireclay bricks ordinarily 
do not spall unless the heating up process is carried out at an excessive 
rate, 

A thin wall of firebrick is no protection against heat loss to water- 
cooled parts. The shear stresses are so great that the wall is rapidly 
disintegrated and disappears. i 

The next remark applies not only to firebricks but to all refractory 
materials. No refractory material can withstand harsh mechanical 
treatment. Severe bumping by the crane or charging machine loosens 
the bond between bricks and initiates destruction. Lighting a furnace 
that contains a gas-and-air mixture irreparably damages the furnace 
structure. 
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Firebrick in the form of special shapes is usually not as strong as 
it is in standard shapes. The thicker the sections, the greater is the 
danger of internal stresses and of cracking in service. And special 
shapes which contain both thick and thin sections are expensive, for 
the reason that the manufacturer of refractories sometimes must make 
26 such tiles in order to obtain one good one. Whenever possible, 



standard shapes are preferable. The catalogues and price lists of 
manufacturers of refractory materials show pictures and dimensions 
of the regularly available standard shapes. In passing, it may be 
remarked that two series of standard bricks are now available, one 
of which is based on 2%-in. thickness of brick, while the other one is 
based on 3-in. thickness. The 3-in. series is gaining in favor, for two 
reasons: (1) A bricklayer can lay just as many 3-in. bricks in one 
hour as 2%-in. bricks; (2) There are fewer joints and, in consequence, 




286 Strength and Durability of Furnaces 

fewer exposed edges and comers to be attacked by furnace gases. The 
use of firebricks in furnace hearths is discussed in the section on the 
strength of hearths. 

For the sake of completeness, two refractory materials which 
were mentioned by name in Fig. 199 must be discussed. They are 
(1) AI 2 O 8 —Si 02 , which is known as sillimanite, kyanite, or andalu- 
site, and (2) 3 AI 2 O 3 —^ 2 Si 02 . This material is known as mullite, be¬ 
cause it was found on the island of Mull. 

Both of these materials are excellent refractories, especially if they 
are free from impurities. The only safe way to produce them in the 
pure state is to mix pure alumina and pure silica in the proper propor¬ 
tions and to melt the mixture in an electric furnace. High-alumina 
materials produced in this manner are among the best existing refrac¬ 
tories. Mullite consists of needle-shaped crystals which interlock, 
thereby producing great strength and resistance to spalling. In indus¬ 
trial furnaces, mullite bricks are used only occasionally. These bricks 
resist spalling and fame impingement in hot spots of forge furnaces. 
They also give good service in piers (between doors), support-arches, 
and other load-bearing constructions in furnaces that are exposed to 
very high temperature. 

In the preceding paragraphs spalling has been mentioned. A ma¬ 
terial that has great resistance to spalling is silicon carbide. In 
comparison with other refractories, it has high thermal conductivity 
(for which see Fig. 357) and great strength. Variations of the tem¬ 
perature of the surface are quickly communicated to the whole mass, 
and the temperatures are quickly equalized. The recrystallized silicon 
carbide bricks spall about twice as much as the clay-bonded type 
containing 3 to 10 per cent clay, but still much less than fireclay bricks. 
The coefficient of expansion of silicon carbide bricks is 0.0000026 per 
degree Fahrenheit, which is slightly below that of firebricks. They 
can be bonded with firebricks for temperatures that occur in heating 
and annealing furnaces. Fireclay mortar, fireclay refractory cement, 
or silicon carbide cement may be used for bonding. 

Silicon carbide is well suited as material for muffles, for hearths 
in underfired furnaces, for hearth rails, skid bars and any other parts 
of a furnace in which high heat conductivity, abrasion resistance, and 
hot strength are advantageous. Silicon carbide is slowly attacked 
by basic slags, or molten iron or steel. The bulk specific gravity of 
silicon carbide refractories is from 2.1 to 2.6. The material is manu¬ 
factured in brick form and is sold under trade names. The specific 
heat of these bricks is 0.180 to 0.186; the weight of recrystallized 
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silicon carbide brick (98 to 99 per cent silicon ciirbide) is 8.5 to 9.0 Ib^i 
while that of a clay-bonded silicon carbide brick is 9.25 lb. The size 
of a brick is 9 by 4% by 2% in. The crushing strength of the recrys¬ 
tallized brick when cold is 12,500 psi; of the clay-bonded silicon car¬ 
bide brick, 14,700 psi. Cross-bending tests show that at 2500 F the 
strength of recrystallized brick averaged 5 per cent higher than when 
cold; the strength of clay-bonded silicon carbide brick varies from 
80 to 108 per cent of its strength when cold. No sign of failure was 
observed at 3000 F under compressive stress of 50 psi. Bonded silicon 
carbide bricks withstand the action of oxidizing flames or furnace 
atmospheres except at temperatures that are in excess of those occur¬ 
ring in industrial furnaces. The bonded material does not withstand 
the action of reducing atmospheres above 2800 F, but the recrystallized 
material is inert to reducing conditions up to the decomposition point 
of the silicon carbide itself. It may be mentioned that silicon carbide 
is a refractory which is not an oxide. 

The thermal conductivity of silicon carbide refractories varies with 
composition and method of manufacture. At furnace temperatures, 
it roughly equals 100 Btu in. per (sq ft, hr, F). 

A refractory material of high conductivity, which was formerly 
used in industrial furnaces to a much greater extent than it is now, is 
magnesite. In the types of furnaces discussed in this book, magnesite 
is not a factor in refractory construction. 

The position formerly held by magnesite is now held by chrome ore 
and chrome bricks. Chrome ore is chemically neutral and is not 
attacked by iron oxide. It can be purchased in the form of powder or 
ramming mixture, or as chrome brick. In furnaces that are built of 
acid and basic refractories, chrome brick is placed between the two, 
in order to prevent chemical action. Chrome ore is heavier than fire¬ 
clay, weighing between 220 and 230 pcf. In industrial furnaces chrome 
ore is almost entirely used in the form of plastic ramming mixture. 
The plastic is made by grinding the ore and mixing it with not more 
than 5 per cent of binder, which gives it air-setting as well as hot- 
setting properties. The plastic chrome material is molded or pounded 
into place with a hammer. An air-hammer is preferred, if there is 
room for using it. After installation, the chrome plastic has a density 
of approximately 200 pcf. It forms a hard, smooth surface to which 
(up to 2600 F) steel does not stick and which resists abrasion very 
well. Scale is easily removed from it without damage to the hearth. 
The material is sold in the United States under various trade names, 
such as K-N Plastic, Thermolith Batch, G-R Plastic Chrome, and 
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Kromepatch. Chrome bricks (seldom used in industrial furnaces) 
weigh 180 to 195 pcf. The difference is caused by impurities; com¬ 
mercial chromite contains MgO, AI2O3, and Si02. 

Silica firestone, known in Germany as Quartz Schist or Mica Schist, 
is a natural product which was formed millions of years ago by the 
cementing of grains of silica by interstitial matter under great pressure. 
It consists of about 93 per cent silica and 4 per cent alumina, and has 
a fusion point of about 3000 F. It is produced to specification in size 
and shape, and is widely used in large blocks for soaking-pit linings 
which operate at constant temperature, for ladle linings, and for other 
applications where temperatures are high and abrasion is severe. 

At the other end of the silica-alumina series is fused alumina, which 
has high thermal conductivity, great strength at furnace temperatures, 
and is not affected by contact with metals. It was extensively used 
for suspending metallic resistors, but has largely been replaced by 
metallic hooks. 

Zirconia is used in small quantities in burners that have to with¬ 
stand heat approaching adiabatic flame temperatures. 

Castable Refractories, Since about 1945, many hearths, walls, and 
roofs have been constructed of castable refractory concrete, which is 
monolithic. The cementing material is calcium aluminate which, if 
pure, withstands temperatures slightly higher than 3200 F. When 
mixed with refractory aggregate, it becomes refractory concrete. The 
base material (calcium aluminate) is sold in the United States under 
the trade name ^^Lumnite.^^ The composition of the refractory aggre¬ 
gate must be adapted to the furnace temperature to which it will be 
exposed. Aggregate in sizes between % in. and 1% in. is preferred. 
One volume of cement is mixed with 6 to 7 volumes of aggregate. For 
sealing, less aggregate and smaller sizes are required. Refractory 
concrete may either be cast in place or precast. 

Upon being heated, refractory cement shrinks. By the selection of 
a suitable aggregate, a refractory concrete can be produced that does 
not change in volume up to 2000 F. At higher temperatures, linear 
shrinkage does not exceed 2 per cent. In a few instances structures 
of refractory concrete have been damaged by cracking, which can be 
minimized if the material is purchased from an experienced maker 
and if temperature conditions are clearly specified. 

After drying at 230 F, the density of refractory concrete lies be¬ 
tween 120 and 150 lb per cu ft, varying with the density of the aggre¬ 
gate. Depending upon the composition of the aggregate and upon the 
temperatures to which the concrete has been heated, the cold crushing 
strength lies between 1000 and 8000 psi. If the aggregate is an insu- 
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lating material, the mixture is a castable insulating concrete which is. 
sometimes called ^lightweight castable/^ Its density ranges between 
25 and 86 lb per cu ft. Lightweight castables are useful up to 2600 F, 
if the aggregate is suitable. The cold crushing strength of lightweight 
castables lies between 100 and 2000 psi. 

Plastic Refractories. Fireclay is plastic. Instead of being molded 
into bricks and burned in a kiln, fireclay may be rammed into place 
in an industrial furnace and burned by the heat of the furnace, if the 
temperature of that furnace is high enough. The method of burning 
fireclay “in situ’' is old in boiler (steam generator) practice, but is 
comparatively new in the construction of industrial furnaces. The 
plastic fireclay exhibits different properties, depending upon its purity. 
The plastic is made by various producers in the United States. The 
properties of the burned refractory are also affected by the relative 
amounts of water that is added before the plastic is rammed into place. 

Surplus water reduces the ultimate strength, but results in an insu¬ 
lating refractory, because the finely subdivided water evaporates, 
leaving small cavities. Slow heating is a prerequisite for obtaining 
perfect walls. 



Fig. 204. Arrangement of anchors for plastic refractory. 


The monolithic mass (rammed plastic clay) is held in place by 
anchors that are attached to the binding. The anchors may be metallic 
or ceramic. Similar anchors are used for castables. Arrangement and 
use of anchors is shown in Fig. 204 which represents a portion of a 
suspended roof. The construction for vertical walls is similar. In 
furnace parts that are subjected to frequent and severe changes of 
temperature (for instance, the covers of soaking pits), rammed-plastic 
firebrick lasts longer than castables. 

In the use of castables and of plastic fireclay, the makers of these 
materials should be consulted. 

Insulation. By this term is meant a material that has a much 
lower thermal conductivity than dense firebricks. Insulating firebricks 
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have that property but are commonly not called insulation. Insulation 
is not exposed to the interior of furnaces, because it collapses, melts, 
or otherwise deteriorates at furnace temperatures. 

From earlier chapters, it may be judged that good insulators contain 
a large number of very small air spaces. A consequence is that good 
insulators have but little mechanical strength. Among such insulators 
are silocel, magnesia, fibrous materials such as asbestos, mineral wool, 
slag wool, a silicious foam, and still others. Silocel is a natural, soft 
stone which can be sawed and cut easily. It is used either raw or 
calcined. Silocel is also available in the form of powder and is then 
called diatomaceous earth. 

At the time of this writing, fibrous insulation is given preference 
over granular (powdery) insulation. The fibers are either asbestos 
or similar material. This insulation is known as block insulation or 
as blanket insulation, depending on thickness and extent. The thermal 
conductivity of fibrous insulation is lower than that of insulating 
refractory given in Table 21. In spite of its low density (20 to 22 pcf) 
the blocks and blankets have good mechanical strength. In hood-type 
furnaces blocks have been exposed to hot face temperatures not exceed¬ 
ing 1400 F. In the United States this type of insulation is sold under 
the trade name ^^Superex.^' Other brands of almost identical proper¬ 
ties are available. 

A very light and yet strong insulating material is sold under the 
trade name ^Toamsil.’’ 

Slag wool and mineral wool are mixed with a binder, such as lime 
mortar and molasses, before being applied. 

By selecting the proper aggregate, refractory concrete can be made 
to serve as insulation. 

The makers of insulating materials furnish information on the high¬ 
est safe temperature and the highest safe stress to which various 
insulating materials may be subjected. 

Insulating Refractories, Firebricks that contain many small pores 
are known as lightweight firebricks or as insulating refractories. The 
basic material is fireclay. The properties of lightweight bricks are 
more varied than the properties of dense firebricks because, in addition 
to the properties of the basic material, the size, number, and arrange¬ 
ment of the pores affect the properties. Lightweight firebricks are 
available for hot face temperatures from 1600 (or below) up to 3000 F. 
The bricks that are made for the highest temperatures consist of the 
best material and have the smallest number of pores. The bricks that 
are intended for lower temperatures are more porous and are, for that 
reason, better insulators. The formation of the closed pores in the 
bricks is controlled by the method of manufacture. The stflnHnrH 
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groups of such bricks, including some of their principal properties, are 
given in Table 21. 


TABLE 21 


Group 

16 

20 

23 

26 

28 

30 

Maximum temp,F, exposed 1600 

2000 

2300 

2600 

2800 

3000 

Weight, pcf 

19-29 

26-36 

26-42 

42-48 

43-68 

60-66 

Fusion point, F 

2700 

2760 

2760 

3000 

3190 

3190 

Cold crushing strength, psi 48-70 

96-116 

117-170 

164-190 

200-260 

300400 

Approximate thermal con- 






ductivity, Btu in./(8q ft. 






F.hr) 







at 1000 F 

1.0 

1.4 

1.7 

2.0 

2.2 

2.9 

at 2000 F 



2.1 

2.8 

3.0 

3.8 


Insulating refractories, because of their light weight (which is of 
great advantage in movable hood-type furnaces) and because of their 
great saving in heat storage, have become almost standard material 

-f' /Tl'l— <v\er -1_- j.- 
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construction). Exceptions to this statement include furnace hearths, 
piers and walls around doors (door jambs) where abrasion would wear 
these bricks away at an excessive rate. By control of the composition 
of the basic material, the bricks can be made to resist highly reducing 
atmospheres, and are almost exclusively used in the lining of atmos¬ 
phere-gas generators and in atmosphere furnaces where such gases 
are used to protect the charge in the furnace. 


2. THE STRENGTH OF FURNACE ROOFS* 

After this enumeration of the properties of the materials that enter 
into furnace construction, it is desirable to consider the places where 
failure is most likely to occur. Prominent among such places are roofs 
(see Fig. 206). Whenever material spans an opening, there must be 
tension in some part of the covering. Because hot refractories are 
extremely weak in tension, it is usually taken up by cold steel lying 
outside of the furnace. The refractory part of a roof can then be 
put wholly into compression. 



Fig. 206. Possible lines of thrust in an arch. 


This idea is carried out in the commonest type of roof, which is the 
arch or vault. Though simple in construction, the arch is complicated 
in theory because it is, in the language of mechanics, three-fold stati¬ 
cally indeterminate—^which means that we cannot gain any knowledge 
of the stress distribution in the arch unless we investigate the elastic 
and plastic deformations of the arch proper, and of its abutments. 
In a cold arch, the centerline of force may follow any curve that is 
compatible with stability; and that curve will depend on the method 
of bedding. In Fig. 206, any of the dotted lines 1-1-1, 2-2-2, or 3-3-5 
is possible, as well as many others. Since an arch is only an inverted 
equilibrium polygen (the catenary is the ideal shape), the internal 


* See also “sidewalls.” 
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forces are smallest if they follow the line 1-1-1 and are greatest if 
they follow the line 3-3-3. If the latter were straight, the force 
would have to be infinitely great; but, of course, that condition cannot 
occur because the terrific compression at the affected points would 
reduce the brick thickness, and thereby automatically transfer the 
stress to adjacent brick sections. This would curve the line of force. 



Before the interaction of arch and binding can be taken up, a study 
must be made of the effect of temperature changes on arches. Between 
room temperature and furnace temperature of 2200 F, fireclay bricks 
expand about 0.075 in. per ft, or 0.6 per cent. The inside of the arch 
becomes longer by that amoimt, while the outside maintains prac¬ 
tically its original length. Several things can happen under the in- 
fiuence of this expansion. The abutments can be pushed apart, the 
bricks can be compressed, or the arch can rise. It will be shown below 
that, in most heating furnaces, the abutments remain fixed or prac¬ 
tically so. 

Let it be assumed first that the bricks are incompressible. Then 
the arch rises, as shown in Fig. 207. Near the abutments, the bricks 
are in contact over their full length, but near the crown of the arch 
they tend to gap at the outside and touch only at the inner edge, which 
action shifts the line of force to the iimer edge of that section. CDiis 
often results in the form of mechanical spalling called “pinch spall- 
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ing/') In this condition, that part of the arch would be unstable, and 
could be swayed and moved like a hanging chain. However, as the dis¬ 
turbance stops, the chain regains its original position, but the middle 
section of the arch keeps on going further away from equilibrium 
position—either until it collapses or until some of the bricks touch 
further out toward the top surface, thereby changing the line of force 
to a more stable position. 

In reality, conditions are not quite as bad as described, because the 
softening of the bricks at furnace temperature permits elastic in addi¬ 



tion to plastic compression of the bricks on the furnace side. This 
action distributes the load over a certain surface until the unit pressure 
has become so low that the bricks no longer deform. The line of force 
will, for that reason, not follow the inner edge of the arch. It will lie 
very close to the edge near the center of the span, but will move toward 
or beyond the center of the bricks as the skewbacks are approached. 
The latter are rigid and limit the movability of the bricks near them, 
which must touch along their whole length. The line of forces will, 
therefore, be flatter than the arch itself (see Fig. 208). 

Before these facts can be used for practical calculations, the dis¬ 
tribution of forces for a given line of action should be reviewed. In 
Fig. 209, let 1-1-1 be the line of forces in a given arch. The weight dW 
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of an element of the arch must be in equilibriun^ with the arch-thrust 
forces Fi and F^. In the center part of the illustration, the pointed' 
triangle of forces, dW, Fi, and F 2 , shows how the forces on each element 
are connected. Summations of the little triangles furnish the larger 
triangle, from which the horizontal thrust and the forces at the skews 
can be read for a given weight of arch. 

But, as before stated, the location of the center line of forces within 
the arch is quite uncertain and varies, not only with the temperature, 
but also with the flatness or closeness of fit of the brick surfaces, and 
the elastic and plastic properties, as well as with the coefficient of 
thermal expansion. For that reason it is desirable to make an assump¬ 
tion that is simple and yet comes sufficiently close to the truth to serve 
for all practical purposes. It may, for instance, be assumed that the 
line of the arch forces follows the center line 2-2-2 (see Fig. 206) and 
that the actual forces are greater than those calculated on this assump¬ 
tion, a multiplication factor of 2 being used for furnace temperatures 
up to 1600 F, a factor of 2^ between 1600 and 2000 F, and a factor 
of 3 between 2000 and 2400 F. Or else it may be assumed that the 
center line of forces follows the line 2-4-2 in Fig. 206. This line joins 
the center line of the bricks at the skews with the inside edge of the 
brick at the center of the arch. 

With the first assumption, the imit stress in the arch depends on its 
span, its rise, and the density of the arch material; with the second 
assumption, the unit stress in the arch grows with increasing thickness, 
provided that in neither case the arch carries any superimposed load. 
Although the second assumption takes cognizance of the flattened 
shape of the center line of forces, it leads to impossible stresses in 
very thick arches and is, therefore, discarded as useless. For calcula¬ 
tion purposes, the other assumption is recommended,* although it like¬ 
wise leads to impossible conclusions, for every furnace man knows 
that a long-span arch of only ^-in. thickness (for instance) could not 
be made to stand up. This failure is partly due to the movement of 
the abutments, as explained below, but is mainly caused by the insta¬ 
bility mentioned on page 293. 

It should again be noted that the assumption of the force lines co¬ 
inciding with the center line of the arch and the recommendation of 
the force magnification factor were introduced solely for the purpose 
of calculation of the thrust of the arch. In reality, the line of thrust 

*Thi8 recommendation has been criticized, but no better (or more practical) 
method of calculation has been proposed up to the time of this edition. Com¬ 
pare “Sprung Arch Roofs for High Temperature Furnaces,” by J. S. McDowell, 
Bkut Furnace and Steel Plant, June and September 1939, and February 1940. 
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follows a different curve, as indicated in Fig. 208. In flat arches, and 
with certain kinds of bedding of the arch bricks, the thrust line may 
assume the shape that is dotted in the right-hand side of that illustra¬ 
tion. In that case, the arch separates at point 1 and the center part 
of the arch slips into the furnace. Of course, the bricks near the 
skews fall in immediately afterward, except in circular vaults, or 
turtleback arches. In these the ring shape prevents the rest of the 
bricks from falling in, and for that reason, this peculiar accident can 
be studied in these arches. The flattening between points 2 and 3 
(see left-hand side of Fig. 208), which usually precedes the reversing 
of the curve, as at 1, is a warning signal. 

If an arch has been partly burned or spalled away imevenly so that 
it is thin on one side while the other side retains its original thick¬ 
ness, its stability is endangered and collapse is quite probable. 

It may be stated, however, that roofs of heating furnaces seldom 
fail from crushing of the arch bricks. Occasionally a very hot lumi¬ 
nous flame melts an arch down; in other cases, ash is blown against 
the roof, sticking to it and acting as a flux which causes the roof to 
melt; but, as a rule, the rather rare collapsing of an arch is due to 
other causes, the most common of which is the yielding of the abut¬ 
ments (skewbacks), and pinch spalling (page 293). The skewbacks 
yield for several reasons. Poor foundations, giving way in spots, 
withdraw support from the arch at these points. Sidewalls, on which 
the arch rests, occasionally fail. In still other cases, the tierods or 
buckstays become overheated, yield, and allow the arch to change its 
shape. Occasionally, the furnace binding yields, because it is too 
weak even without being overheated. Destruction of furnace roofs 
is frequently due to spalling (see pages 283-284). After each cooling 
and rapid heating, the lower ends of many of the arch bricks are 
found to have cracked off and fallen out; the projecting pieces next 
crack off; and this piecemeal destruction proceeds until the stability 
of the roof is endangered. 

As before mentioned, and as shown in Fig. 203, firebrick expands 
about 0.075 in. per ft. An arch, on being heated, must either rise or 
be compressed at the hot face, or stretch the binding. If the latter 
occurs with plastic deformation, the arch is doomed because, at each 
cooling, the arch sinks down to a flatter shape and, at the following 
heating, it stretches the binding a little more. Movements of this 
sort cause the arch to collapse after a limited nmnber of heating and 
cooling periods. The abutments must be fixed and the arch must be 
allowed to rise, or else the binding must yield elastically. It will be 
interesting to note that the use of springs on tierods was patented by 
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K. Wells in 1856, with the idea of permitting th^ binding to yield from 
the excessive forces of expansion and return to its original position on'^ 
contraction during cooling. The use of springs was common during 
the early years of this century, but furnace builders have now elim¬ 
inated tierods and springs, and tie the buckstays rigidly together by 
means of structural channels (see Fig. 205), usually at the bottom 
as well as at the top of the furnace. 

In connection with the moving of abutments, it shoxild be noted 
that the smallest safe thickness of an arch is a function of the span 
and of the rise. It is quite common to make the radius of curvature 
of the inside of the arch equal to the span, which proposition makes 
the rise equal to 13.4 per cent of the span. The rise may be more but 
it should not be less than this figure, unless there exist some com¬ 
pelling reasons. For high temperatures, manufacturers of refractories 
recommend making the rise 2^4 in. per ft of span, or 21 per cent of the 
span. The flatter the arch, the thicker it must be for a given span, 
to counteract possible dislocation of the skews. With regard to the 
relation between span and thickness, as dictated by the same possi¬ 
bility of movement of the abutments, nobody can tell just what the 
movement is going to be. All we can say is that there is more likeli¬ 
hood of large displacements in large furnaces than there is in small 
furnaces. In consequence of this uncertainty, practice varies and the 
following figures can offer a general guide only for firebricks. When 
using lightweight fireclay bricks, somewhat thinner arches are fre¬ 
quently used than are indicated by these figures: 

Span less than 4 ft 12 ft 18 ft 24 ft 

Brick thickness 4J/^ in. 9 in. 13J4 in. 18 in. 

In some cases it is desirable to make the bottom of the arch flat, 
instead of curved. This can be done, as shown in Fig. 210, by using 
somewhat longer bricks in the middle of the span. The construction is 
known as a “jack arch.” It is evident that the stability of the arch 
and the force actions in the part above the lower curved line in the 
illustration are no different from those shown in Fig. 208 and that 
the only effect of lengthening the bricks near the middle is to add 
somewhat more load at that place. Some jack arches are flat not only 
at the bottom but also at the top. All bricks are then made of sufficient 
length to insure stability. Such an arch cannot rise so easily as a 
sprung arch upon being heated (compare Fig. 253). Occasionally, it 
becomes necessary to effect an abrupt change in the height of the 
roof at a particular place in the length of the furnace or of a passage. 
In a sprung arch, this can be done by constructing the arch as in 
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Fig. 211. The lower edge of each ring should, in that case, always be 
well below the level of the upper edge of the adjacent lower ring, in 
order that the longitudinal forces may be transmitted without tilting 
the bricks in a vertical plane; furthermore, it is well to have the pro- 



Fig. 210. Jack arch. 


jecting lower edges chipped off, as shown in tlie dotted line, to present 
an even inclined surface to the action of the flame. 

Among the causes for the collapsing of roofs are mechanical in¬ 
juries, such as explosions or impacts. It was previously mentioned 



Fig. 211. Sloping arched roof. 


that furnaces are occasionally filled with explosive mixtures of air 
and fuel and are then lighted; the best of firebrick and the best design 
are of no avail against this treatment. Likewise, furnace roofs cannot 
be designed to withstand bumping by heavy ingots suspended from 
cranes, or other mechanical abuses. 

In connection herewith, it should be explained that arches are built 
up of rows in which several straight bricks are alternated with one 
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or more arch bricks (see Fig. 212). Brickmakers cannot, and do not,, 
make arch bricks to suit every conceivable radius. In consequence, 
we must take the nearest brick with radius smaller than the arch, and 
must fill in with straights, the relative number of which is readily 
obtainable from tables given in most brickmakers’ catalogues. A bad 
feature of this practice is that the straights are not held by wedge 
action, and could slip out if it were not for the frictional hold which 


Fig. 212. Arch built up of arch bricks 
and straights. 



the arch forces exert. Conditions are even worse when the bricklayers 
put wedge bricks upside down. In spite of obvious troubles which 
will be caused thereby, this is occasionally done. 

The use of bricks, the faces of which are convex instead of flat, is 
to be avoided, because the bricks can rock or roll on the opposing 
surfaces. In laying an arch, each brick should be tested for flatness 
and any convex ones rejected. 

Movements of the arch and vibrations due to panting flames occa¬ 
sionally overcome the friction hold and endanger the stability of the 
arch. Introduction of cold air into hot furnaces and repeated heating 
and cooling are injurious to roof arches, partly because of spalling and 
partly because of creeping and slipping of the bricks. 

All heating furnaces are operated under a slight pressure. This 
pressure is greatest directly under the arch, because of the buoyancy 
of the hot gases. In addition to the heat transmitted by conduction, 
excess heat is carried into the more or less porous brickwork by these 
gases, resulting in higher temperatures throughout the arch than would 
be obtained in a tight roof. For this reason, leaky roofs of furnaces 
are to be avoided. The advantages of using furnace cements instead of 
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fireclay for grouting the roof are discussed on page 337, but it may be 
well to mention here that a poor cement containing fiuxes may ruin a 
roof made of the best brick, whereas a really good cement will increase 
the life of the roof. 

The strength of buckstays and binding necessary to take the thrusts 
of arches is dealt with on page 355. 

Suspended Roofs. Since the year 1920, the use of suspended roofs 
has grown rapidly, especially for spans greater than 14 ft. Special 
shapes of bricks are used, and the tiles are suspended from steel girders 



Fig. 213. Suspended roof (Detrick type) 



to form (usually) a flat roof. Many different kinds of suspension are 
in use, and their number is still growing. Suspended flat roofs are 
often (although incorrectly) called suspended arches. 

The general design consists of (usually metallic) hangers which are 
suspended from overhead beams and which, with their lower ends, fit 
into holes or slots in the roof tiles, or grip projections on the tiles. 
Such designs are shown in Figs. 213 to 222. Most of the illustrations 
are clear enough to require no comment. In order to reduce the 
number of individual hangers, the roof tiles are made as large as 
manufacturing conditions (freedom from internal stresses) permit. 
In some designs, crossbars carry the tiles with occasional suspension 
of the crossbars from overhead beams. Because of the large number of 
different designs, standardization of the shapes of roof tiles is out 
of the question. The furnace builder must select the roof design that 
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promises to be suitable, inexpensive, and accessible; he may or may 
not receive tiles of sufficiently refractory material. It is to be hoped' 
that practice will eliminate a number of types and that finally only 
a few of the best designs will siirvive. 

Several features are peculiar to suspended roofs, and they must 
be discussed. One is the absence of inherent crosswise pressure. Gen¬ 
erally speaking, this absence does not differ from the absence of hori¬ 
zontal longitudinal pressure at right angles to sprung arches. Most 
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Fig. 215. Suspended roof over a sidefired car-type furnace. 


designers depend on setting the tiles tightly at the time of installing 
the roof, providing a slightly compressible packing material at the 
ends and letting the expansion of the tiles against an abutment furnish 
enough pressure for making the roof tight. 

There is a difference between slightly leaky sprung roofs and slightly 
leaky suspended roofs. Products of combustion escaping through a 
sprung roof can do little harm. Matters are different with a suspended 
roof. Sulfur dioxide in the products of combustion corrodes the steel 
in the hangers, especially if the steel is alloyed with nickel. If the 
roof tiles are covered with thick insulation, the gases become cool 
enough to condense the moisture in the products of combustion, and 
sulfuric acid is formed. It attacks the hangers very rapidly and 
causes sections of the roof to fall in. 

The next item is difficulty with insulation. Most of the illustrations 
in this book show bare tiles. Thick insulation raises the temperature 
of the upper surface of the tiles to almost furnace temperature. If 
thick enough, insulation causes overheating of the hangers, which are 
then stretched by the weight of the tiles. Hangers of alloy steel permit 
the application of thick insulation. Refractory hangers have been 
introduced for the purpose of permitting the use of thick insulation. 
Figure 216 illustrates roof elements with a refractory hanger. Half¬ 
moon lugs on the hanger fit into depressions of the roof tiles. Usually, 






302 


Strength and Durability of Furnaces 

two hanger-supported tiles carry a wide tile between them. Figure 
216o is a view of a roof assembly. Average firebrick creeps at 2200 F 



* 


Fig. 216. Basic tile components of suspended roof with refractory hanger. 



Fig. 216a. Assembly of tile-suspended roof. (Courtesy of Laclede-Christy 
Company.) 


and with 25 psi about % per cent in 100 hours. In a work year of 
6000 hours it would amount to more than 14 per cent. The conclusion 
is that heavily insulated roof tiles must be made of superduty quality. 
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Another difficulty arises when repairs must be^ made. With several 
designs, a large number of tiles must be removed in order to replace' 
a cracked tile. The tile arrangement illustrated by Fig. 217 permits 
a quick and easy repairing, but the water-cooled support pipes abstract 
much heat from the furnace; in addition, they encourage spalling. 


WedgB Brick, 
used only 
for Repairs 



Fig. 217. Roof tiles suspended from water-cooled beams. 

An important feature is the comparative ease with which a sus¬ 
pended roof can be connected to an overlying vertical wall. The design 
here referred to is shown in Fig. 218. Suspended noses are quite old in 
boiler furnaces. They were first adapted to industrial furnaces in 
connection with multiple zone heating. The details of the nose are 



Fig. 218. Flat suspended roof, showing nose construction. 


shown plainly in Fig. 219. A study of the illustration reveals the 
fact that a considerable number of tiles must be removed if one of 
them spalls severely enough to require replacement. All makers of 
suspended roofs furnish nose designs which are very similar to that 
of Fig. 219. 

A few remarks on special designs are in order. Figure 220 illustrates 
a design by means of which the height of the tiles can be adjusted. Al¬ 
though the range of adjustment is small, it is enough to compensate 
for sagging of the overhead pipe and for irregularities in the tiles. 
Figure 221 presents interesting features. Each tile has a triangular 
groove in one side and a corresponding triangular ridge on the opposite 
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Fig. 219. Details of nose suspension 



Fig. 220. Method of sus¬ 
pending roof tiles, permit¬ 
ting adjustment of height 



Fig. 221. Interlocking roof 
tiles, method of suspension 
and application of insula¬ 
tion 


side. If the brick has been cracked by spalling, its bottom part cannot 
drop, because it is supported by the adjacent tile. The interlocking 
grooves and ridges also reduce gas leakage. The second feature is 
open space between insulation and hangers. While this space reduces 
the effectiveness of insulation, it prevents the condensation of corro- 
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sive vapors on the hangers. The tiles are supported in groups of 12. 
Those directly under an I-beam are hung from its lower flange. Each' 
adjacent tile is supported from its neighbor by specially shaped cast¬ 
ings of malleable iron. 

An extremely simple method of support is illustrated in Fig. 222. 
This design was developed by the Babcock and Wilcox Company for 
the suspension of lightweight firebricks. The bricks (of standard 
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Mark 1 Mark 2 

Fig. 222. Simple suspension method for lightweight roof bricks (Babcock and 
Wilcox type). 


size) are strung on a %-in. rod like beads on a string. Every fifth to 
eighth brick has a lateral depression (as shown in mark 2) into which 
a bent suspension rod fits. Although excellent for lightweight bricks, 
the design cannot be recommended for dense firebricks. However, it 
appears that dense firebricks are “going out.” 

A type of roof which under certain conditions is self-suspended 
appears in Fig. 223 (Reintjes type). The roof is not quite flat, but has 
a slight rise; the skewbacks make contact only along the lower part of 
the tile thickness. Hence, under most conditions, the tiles are in 
compression; the action is that of a true arch, and the interlocking 
lugs on the tiles are not brought into action except if the line of force 
1-3-2 should pass outside the middle third of the height of the tile, 
causing a tendency to open the joints. The lugs have sufficient clear¬ 
ance that the blocks can rock on each other to some extent. On 
cooling, as the bricks contract and the roof lowers slightly tdot-dash 
line in Fig. 223), the split key opens to a slight extent at the bottom, 
and the line of force shifts to 1-4-2. Only under extreme conditions, 
as when excessive shrinkage of the bricks has occurred or the skew- 
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backs have moved apart, are the interlocking lugs called on to support 
the full weight of the arch; in such a case, each half of the arch may 
become a cantilever, each tile hanging from its neighbor nearer the 



Shapes of Tiles 


Fig. 223. Interlocking arch bricks 
(Remtjes type). 


wall, provided there is enough weight of bricks on top of the skewback 
tiles to hold these in place. The interlocking also reduces leakage of 
flame or gases through the joints. 


3. THE STRENGTH OF HEARTHS 

Turning from the upper to the lower boundary of a furnace, we 
meet the subject of hearths and foundations. The strength and dura¬ 
bility of these parts are of considerable interest to furnace users. It 
will be advisable to study first a hearth that also serves as a roof for 
a furnace cavity below the hearth. Such an element is used in under¬ 
fired furnaces. In this type (see Figs. 224 and 226), the intention is 
to heat the material lying on the hearth, Fig. 224, very uniformly by 



Fig. 224. Flow of heat in an underfired furnace. 


transmitting heat to it from all directions. Heat travels up through 
the hearth in direction 1; it is radiated to the stock as indicated by 
arrows 2; and is conveyed to it as indicated by arrows 3. In this 
furnace, the hearth serves two purposes. It transmits heat and it 
carries load. The two conflict, because the hearth should be thin for 
transmitting heat and thick for carrying load. An idea of the extent 
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of this conflict can be gained from the following analysis. Average 
furnace practice for the beat-treating of steel consists in heating an 
average of 30 lb of steel per (sq ft of hearth, hr) in an underfired 
furnace. If we assume that the steel is to be heated to the rather low 
temperature of 1400 F, the heat to the steel on each square foot of 
hearth will be 30 times 220 Btu per hr (see Fig. 28), or 6600 Btu 
per hr. The maximum permissible temperature imder the hearth in 



Partial section showing piers 


Fig. 225. Underfired furnace with 
perforated hearth. 



such furnaces (with silicon carbide supporting piers) is 2100 F, so 
that the temperature difference in this case is 700 F. The hearth may 
be constructed with flat tiles spanning between piers, or with sprung 
arches between the piers. In each design, the maximum span between 
piers is about 12 in., and the minimum thickness, if constructed of 
firebrick, is 4^ in. 

On the basis of a heat conductivity of 10 Btu in. per (sq ft, hr, F) 
which is rather high for firebrick, the maximum heat transmitted 

700 y 10 

through the hearth, if 4^ in. thick, will be ——, or 1550 Btu 

per (sq ft, hr). From this analysis, it is evident that the usual furnace 
hearth, with sufficient strength to support a reasonable load, ttansmits 
only a small fraction of the total heat required by the stock. If spans 
greater than 12 to 15 in. are required, the arches must be so thick that 
the advantages of a heat-transmitting hearth are greatly reduced. 
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These facts are well known to most furnace builders, and various 
means have been employed to overcome the limitation. Perforations 
of the hearth, as indicated in Fig. 226, reduce the temperature differ¬ 
ence, because the openings allow a large part of the heat in the com¬ 
bustion chamber to radiate freely into the heating chamber, which 
lowers the temperature under the hearth by increasing the flow of heat 
from this area. Although the present chapter deals principally with 
the strength of furnaces, the following statement is in order: Material 
that is heated on a perforated hearth should not rest directly on the 
hearth, but should be elevated on rails or other devices. If this ex¬ 
pedient is followed, very uniform heating can be obtained. If, on the 
other hand, the stock is to rest directly on the hearth of an under¬ 
fired furnace, it is necessary to make the hearth solid, but to use a 
refractory of greater thermal conductivity. Among the various refrac¬ 
tories that may be used for this purpose, silicon carbide stands out 
pre-eminently. Its thermal conductivity is 7 to 10 times that of fire¬ 
brick, and its mechanical strength at furnace temperatures is about 
12 times as great. 

At first thought it might appear that the hearths of all other furnaces 
(in contradistinction to those of the underfired type) would always be 
strong enough, because they rest on a firm foundation. Nevertheless, 
their strength presents many problems. Comparatively little trouble 
is experienced with hearths of furnaces that carry a temperature of 
1400 to 1600 F, except, as above stated, for underfired furnaces; but 
diflSculties arise in furnaces with temperatures in excess of 2200 F, 
because of the chemical action of hot iron oxide on hot firebrick. For 
hearths of annealing furnaces and of heat treating furnaces, firebrick, 
particularly if dense or vitrified, is a good material, and no trouble 
arises with the hearth unless the latter be too thin, as will be explained 
later. In furnaces which heat the charge to 2000 F or higher, fire¬ 
bricks are frequently used as material for hearths. Whether or not 
firebrick is serviceable for hearths in such furnaces depends on the 
rate of heating. If the rate of heating is low (furnace temperature 
equal to 2300 F), the scale does not melt and does not form a slag 
with the silica in the firebricks. But, if the furnace temperature goes 
up to 2400 F or even higher, the outer skin of the scale melts (or 
softens), combines with silica, and forms a slag. If the hearth is ven¬ 
tilated, the cooling action from below chills the slag, after a sufficient 
amount has been accumulated. In that case, the hearth lasts for some 
time. If the hearth is not ventilated, it becomes a mushy mess. 

In very hot furnaces, the slag becomes so thin that it runs off, if 
the hearth has a slight inclination. This circumstance is utilized for 
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keeping the hearth free of slag, by inclining the hearth, and by drain¬ 
ing the hearth through a slag hole especially provided for that pur¬ 
pose. The slag hole must be kept open either mechanically, by poking, 
or thermally, by the external application of heat. The trouble that 
is experienced with firebrick hearths may be somewhat reduced by 
making the bottom of silica sand. This also forms a slag with the 
iron oxide, but it can be more easily removed and replaced by a new 
bottom. An additional reason for the use of the sand bottom is the 
cheapness of the material. 


Slliea Sand and Sraoal or 
Crushed Canister 



Firebrick 


Probable Line of 
Stag Solidification 


Slag Drained out 
at Side 


Fig. 226. Hearth of skelp-heating furnace. 


In skelp-heating furnaces for butt welding and in lap-welding fur¬ 
naces, the hearth is constructed as shown in Fig. 226. In these 
furnaces, the stock which is to be welded is heated until it is dripping 
The drops of molten steel or iron, and scale, falling on the hearth, 
would solidify and build up, if it were not for the presence of the sand 
and gravel, which are practically pure silica, and which form with the 
scale an iron silicate of lower melting point, that can run off easily. 
Below the sand and gravel, broken insulators or other lumps of high- 
alumina material, which resists attack by the slag, act as a French 
drain, allowing the liquid slag to flow toward the lower end where 
it is drained off. There must be sufficient thickness of material under¬ 
neath to maintain temperature, so that the slag does not solidify, at 
least in the upper part. The sand and gravel are renewed about every 
five hours, and the aluminous material at much longer intervals. 
This type of hearth is not required in continuous skelp furnaces 
(Fig 74), because the skelp does not rest on the hearth. 

As previously stated, chrome ore is frequently used on top of fire¬ 
bricks. It is neutral and is not attacked by scale, nor does it attack 
the firebrick (see also page 287). Figure 227 shows the grooved hearth 
of a continuous furnace, over which the billets laid on edge are pushed; 
the material of the hearth is chrome plastic, rammed in molds to form 
the grooves. In modem slab-heating furnaces, operating at high tern- 
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peratures, high-alumina bricks are commonly used for the hearth 
of the soaking zone. 

Hearth plates have already been discussed on page 262. 

The above-mentioned softening of the whole hearth in high-tempera- 
ture furnaces has led us to the use of ventilated hearths (see Fig. 228). 
The furnace rests on plates and girders or on piers between which the 
air can circulate. Even a moderate circulation of air will keep the 


Fig. 227. Grooved hearth 
made of chrome plastic 
molded in place (Courtesy 
of Electric Furnace Com¬ 
pany, Salem, Ohio.) 


bottom courses of brick fairly hard, and will prevent deep-reaching 
injury to the hearth. Calculation of cooling action is possible but 
rather tedious. Tentatively, this heat loss, for average ventilated 
hearths, can be taken as 60 per cent of what it would be if the surface 
were free and exposed. In the design of furnaces with ventilated 


Fig. 228. Ventilated hearth. 


hearths and in their operation, care must be taken not to block up 
the ventilation openings, because such blocking up would result in 
overheating of the supporting steelwork and in the collapse of the 
hearth. The ordinary rules of simple structural design are used in 
the calculation of the thickness, s, of the supporting plate; of the 
span, L, of the beams; and of the size of the beams. These rules need 
not be discussed here. 

On ventilated hearths, iron oxide cinder is occasionally used as a 
material for the bottom. If the cooling action is energetic, the lower 
surface of the cinder bottom, resting on the firebrick, will cool enough 
to save the brick from formation of slag. 

Soaking pits are equipped with a very special hearth. The firebrick 
bottom is covered with a deep (about 18 in.) layer of coke breeze, 
which absorbs molten iron and slag. When the bottom has become 
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saturated with slag, the mixture of coke and slag is pushed by the 
overhead crane to an opening in the hearth and drops into a slag car. 
If the fresh coke breeze is damp, the bricks spall at the hot slag line. 
Chrome magnesite resists the spalling action. 

The hearths of medium-sized and small furnaces, say less than 
40 sq ft of hearth area, are sometimes made solid and rest on concrete 
foimdations. Troubles arise in this case if the firebrick or chromite 


Fig. 229. Effects of thin hearth on 
concrete foundation. 



hearth is too thin, or if tie rods ran too close to the top of the hearth. 
The nature of these troubles will become clear from the following 
discussion. 

Let Fig. 229 represent a forge or mill-type furnace (2200 to 2300 F) 
with a comparatively thin brick hearth resting on a concrete founda¬ 
tion. The bottom tie rods, 1, become overheated; they become so 
soft and weak that the arch thrust can stretch them. The roof col¬ 
lapses as the result of improper hearth design. The heat which is 
transmitted down through the hearth fiows as indicated in Fig. 81, 
with the result that the center part of the concrete foundation, as 
indicated by 2, within the dotted outline of the plan of Fig. 229, 
becomes much hotter than the outer part and tends to expand.. That 
tendency is resisted by the outer, cooler edge of the foundation. If 
the hearth be thick, temperature equalizes itself within the firebrick 
and no harm is done to the foundation. But with the thin hearth, the 
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center of the foundation becomes so hot, compared to the edges, that 
the tensile strength of the latter is overcome, and the foundation cracks 
into several individual pieces similar to those indicated in Fig. 229. 
The position of the cracks naturally varies with the accidental location 
of flaws and planes of weakness in the concrete. 

The load on the different parts of the foundation is never uniform, 
and the very purpose of a foundation is to take up the lack of uni¬ 
formity, causing the load distribution on the subsoil to be practically 
uniform. As soon as the above-mentioned cracks in the foundation 
have traveled far enough inward, the different sections settle in dif¬ 
ferent degrees, cracks appear all over the furnace, and collapse will 
occur in a short time. 

In addition, thin firebrick hearths cause overheating of the concrete 
in the center. Concrete can stand high temperatures for a short time, 
during which only its surface is overheated, but it disintegrates if con¬ 
tinually exposed to high temperatures. Dehydration of cement begins 
at 500 F and is completed at 900 F (special cements are now available 
that withstand somewhat higher temperatures). For that reason, a 
cement foundation is an unnecessary expense if, in operation, it is to 
be heated to 600 or 700 F, because it will, in that event, finally become 
loose fill, without any cohesion whatsoever. In that case, the only 
advantage of a concrete slab is that it provides a level surface on 
which to erect the furnace. 

The question immediately arises: How thick should a non-ventilated 
hearth be to protect the foundation? Referring to Fig. 89, it is evident 
that the temperature of the foundation is highest at point 2. This 
temperature should not exceed 900 F. In Fig. 89, the dotted lines 
perpendicular to the hearth surface, such as 1-2 or 3-4, represent flow 
lines of heat; the solid lines, cutting each flow line at right angles, are 
lines of equal temperature.* The highest allowable temperature of 
point 2 is approximately 

_1 Q2 — 

T2 = To + (1\ - To), e ^ = 900 

where z =* thickness of hearth, D = width of hearth (inside the walls), 
Ti is the time average of the inside temperature, and e is the base of 
Naperian logarithms. From these conditions the following rather 
approximate rule has been formed, for intermittently operating fur¬ 
naces: For a hearth of fireclay brick or sand of width D, as shown 
in Fig. 229, a thickness of D/6 is sufficient, if the furnace temperature 
does not exceed 2200 F; and D/8 is sufficient if the furnace tem- 

♦ J. D. Keller, Transactions American Society of Mechanical Engineers, Volume 
50, 1928, page 111. 
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perature does not exceed 1600 F. In either case, D is the shortest 
dimension of the hearth. For continuous operation, unless the hearth 
is ventilated it must be considerably thicker than these figures indicate. 

Hearths over which material must be pushed have received much 
attention from furnace builders and furnace users. The pushing of 
heavy material across a sand or brick hearth is always injurious to 
the hearth, because unequal expansion, or spalling, or slag working 
between and under the bricks, produces sufficient unevenness to cause 
some part of the heating stock to catch, usually ripping up the hearth 
and leaving it in poor condition. For that reason, hearth bars, plates, 
or skids of some sort are usually provided when pushing heavy mate¬ 
rial more than 4 in. thick. In places where the only movement of the 
material occurs when it is laid down or pulled out of the furnace, 
brick piers or alloy blooms are provided to improve bottom heating 
by supporting the stock above the hearth, which also protect the 
hearth from damage. 


Fig. 230. Joint between hearth rails. 



As previously mentioned, hearth bars and hearth plates of cast iron 
are used in furnaces where the temperature does not exceed 1600 F. 
On account of the growth of cast iron, these metal parts are prefer¬ 
ably made in sections, with rounded corners at the joints, as shown 
in Fig. 230. Some designers are very careful to prevent rising or 
buckling of such metal parts by anchoring one end of each section and 
arranging a projection to hold down the adjacent end of the next sec¬ 
tion, with ample provision for expansion and growth between the 
sections, as shown in Fig. 231. 

Difficulties, varying in degree, arise with hearths of continuous fur¬ 
naces operated at temperatures from 1900 to 2300 F. In topfired 
furnaces heating small billets and thin slabs, ^^dry skids” are almost 
universally used to prevent billets from catching and tearing up bricks; 
tearups are caused by crooked billets and by “shear drag” at the ends 
of the billets. Such skids commonly consist of 4-in. by 6-in. slabs of 
steel or heat-resisting alloy in about 10-ft lengths, and arranged to 
lap each other at the ends to form a continuous support. The skids 
project 1% in. above the refractory, and are often held at one end 
by a bolt to the bottom plate of the furnace, as shown in 

Fig. 232. In such furnaces, the skids are usually carried only part 
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way to the discharge end of the furnace, with the soaking portion of 
the hearth beyond the end of the skids constructed of plastic chrome 
mixtures tamped in place. Such hearths have given excellent results. 

Material travel 



Fig. 231. Rail joint and anchor. 


Another mixture consists of grain magnesite with ground open-hearth 
slag and a portion of the grinding dust formed in grinding steel billets, 



Enlarged section 

Fig. 232. Typical dry skids in refractory hearth. 


tamped in place wet. All hearths at the hot end of continuous furnaces 
require some attention at regular intervals in scraping out scale and 
preventing formation of lumps or mounds; if lumps should form, they 













supporting 

billets 


The Strength of Hearth* 



Fig* 2S3. Furnace with high-alloy rails for heating heavy blooms. 
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must be sledged loose at the first opportunity in order to keep the 
hearth smooth. 

If money is no object as, for instance, in the heating of billets for 
forging artillery shells, skid rails of high-alloy steel are sometimes 
carried all the way to the hot end of a continuous furnace. Figure 233 
contains details and arrangement of a furnace and of hearth rails of 
alloy steel. The billets slide on wide rails which receive some heat 
from gases circulating under the rails. Furnaces of this design give 
no trouble while heating 9-in. by 9-in. blooms to 2250 F. 

The soaking hearths of heating furnaces for heating thick slabs or 
large blooms are usually constructed of firebrick and insulation, with 
a top course of best quality high-alumina bricks. Here also, steel 
or alloy skids, or “dry skids,^’ are used, consisting of 3- or 4-in. wide 
by 9- to 11-in. deep slabs, arranged as previously described. In prac¬ 
tice, it has been found that all such dry skids have a tendency to rise, 
largely because of unequal expansion of the hot top surface and the 
relatively cold bottom surface. This can be prevented to a great extent 
by cutting the slabs part way through from the bottom surface, but 
the best plan is to keep the slabs covered by the heating stock in the 
furnace, even to the extent of staggering the charging of short slabs 
which are not of sufiicient length to cover all skids in the furnace, so 
that weight is bearing on all skids in the furnace at all times. 

Dry skids are sometimes made of a material which does not soften at 
2300 F. Such material is clay-bonded silicon carbide. The usefulness 
of this material at the hot end of a high-temperature continuous fur¬ 
nace depends on the method of operation of the furnace. If, for the 
purpose of increasing the through-put, the furnace temperature is 
unduly increased or if flames impinge on the billets, the edges and 
corners of the slabs or billets melt. If molten steel comes in contact 
with hot silicon carbide, the latter is eaten away. The evil effects of 
this action are mitigated by laying the silicon carbide rails so that the 
top surfaces are flush with the surrounding chrome plastic. In the 
cooler zones of the furnace, the skids project above the hearth. Silicon 
carbide rails are 2 to 2^ in. wide and 4% to 8^ in. deep. They are 
made in sections having a length of 9 to 18 in. and have interlocking 
tongues and grooves. They are illustrated by Fig. 234. 

For the heating sections of large continuous furnaces heating heavy 
slabs and blooms, water-cooled skids (skid pipes) are standard. Such 
skids produce a cold spot on the heating metal, which is largely 
removed on the soaking hearth, where dry skids must be used, as 
previously described. Water-cooled skids have been in use for many 
years. Friction between the stock which is being heated and the skid 
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pipes wears the latter, which for that reason, are made of double extra 
strong pipe, usually 2-in, or 2%-m. nominal size (see Fig. 236). 

Another reason for the use of double extra strong pipe is the fact 
that total force exerted by the pusher must be taken up by tension in 
the skid pipes at the charging end. 


Fig. 234. Carbofrax hearth 
rail. 



As the pipe wears thinner, heat losses to the water increase, and 
the danger of leakage increases. For that reason, some designers have 
screwed the pipes into a manifold, so that they can be turned, expos- 



Fig. 235. Water-cooled 
skid pipe. 


ing new and unworn surfaces to the steel. Leakage at the screwed 
joint, sticking due to rust at the same place, and inconvenience of 
design with a manifold have caused this arrangement to be generally 
abandoned. 

The ordinary pipe skid abstracts so much heat from the heating 
stock (by direct contact) that various devices have been introduced 
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for the purpose of reducing this heat loss. Several of these devices 
have failed in practice, but others have survived. A common practice 
is that of welding wearing strips onto the top of the pipe (as shown in 
Fig. 236). The strip may be quite narrow; if a pressure of 126 psi 
be allowed between the stock and the skid (and that pressure is not 



Fig. 236. Water-cooled skid pipe with 
welded strips. 


excessive at 1200 F temperature of surface of skid), the width of the 
strip need only be equal to the thickness of the supported steel (inches) 
divided by 450. These strips are very hot at the top, tend to expand, 
and become loose unless the weld is very good. In the latter case, 
overheating of the strip may cause the pipes to buckle upward unless 
they are well anchored, and held down at all times by the weight of 


Notches must haue Rounded fltleta 
at Bottom 



Fig. 237. Skid pipe with wearing strip notched to permit expansion. 

heated steel. A design that avoids this trouble is shown in Fig. 237; 
the welded strip is notched at short intervals, allowing the outer, 
hotter layers to expand freely. The notch must not be a saw cut; 
otherwise the strip and pipe will crack. As the friction and wear are 
greatest at the cold end of the furnace, the wearing strips sometimes 
extend only one-third or one-half the length from the cold end. This 
arrangement, however, produces excessive heat loss at the hot end 
and black spots on the steel. The life of these skids is 4 to 6 months, 
after which new strips may be welded on. After the second strip has 
worn off, the pipes are discarded, unless an earlier replacement was 
brought about by clogging or corrosion. The skids frequently fail by 
cracking where the pipe sections are welded end to end, as several 
pipe lengths are necessary to run through a long furnace. 
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The welded wearing strips are sometimes replaced by alloy welding 
rod applied to the top of the skid pipe and theh ground smooth, par>< 
ticularly where scratching of the hot slabs must be avoided. By 
building up the alloy to a thickness of about ^ in., satisfactory wear 
is obtained and the pressure is distributed in a somewhat better 
manner than with the usual wearing strips. 



Fig. 238. Forked wearing strip, steel casting 

One of the greatest troubles with the use of water-cooled skids is 
the failure of the water supply. Where possible, provision is made 
for turning water from the public water supply into the lines in case 
of failure of local supply. Very often the rules of the water company 
prohibit automatic switching over, for fear the public water supply 
be contaminated. In such a case, the installation of a very loud warn¬ 
ing signal is advisable, which prompts the operator to shut off the 
local supply and to turn on the public supply before damage is done. 

At the hot end of the furnace, a steel casting about 2 in. thick is 
sometimes used on top of the pipe. It wears or burns out in 3 to 6 
weeks, and must then be replaced. A further development of this 
idea is shown in Fig. 238, in which the wearing strip is a steel casting 
which rests on top of the water pipe, is forked at the rear end, and 
hooks over a cross pipe which takes up the force due to the drag of 
the billets. By giving the skid pipes a reverse kink (down in section 
A-B, and then back up again parallel to the inclination of the hearth), 
the projection of the skid casting above the level of the skid pipes 
can be avoided. 

Another arrangement consists of a number of thick, rolled-steel bars 
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at the hot end, set on different centers from the pipe skids and slightly 
higher than the latter to eliminate black spots. These bars must be 
replaced frequently; they last 4 to 6 months. 

In furnaces that carry a temperature below 1800 F, the wearing 
surface may be located at some distance from the water. Figure 239 
shows a design that embodies this principle. A removable steel tongue 



Fig. 239. Skid rail with depressed water pipe. 


is held in a water-cooled frame. The principle also appears in the use 
of a double pipe. A water-cooled pipe rests inside and at the bottom 
of a somewhat larger skid pipe. The latter is cooled by radiation and 
tangential conduction to the inner pipe. 



Fig. 240. Skid-rail castings of heat-resisting alloy. 

Indirectly cooled castings of heat-resisting alloy used as skid rails 
are shown in Fig. 240. When in place in the furnace, they fit over 
the water pipes but do not rest on them. The separate pieces bear 
only at the ends. In spite of all care, it is extremely difiicult to avoid 
warping. Tests for the purpose of doing away entirely with water 
cooling and of using alloy skids have been carried out here and there, 
but, up to the present time, only very wide alloy bars withstand 
abrasion near the hot end of furnaces that heat metal to 2200 F or 
above. Uncooled alloy skids serve well in the relatively cold two- 
thirds of the furnace length. Uncooled skids are avoided in high- 
temperature furnaces with top and bottom firing, because they receive 
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high-temperature heat from the supporting rider walls and because 
water-cooled skid pipes must, in any event, be ufed near the hot end. 

This discussion naturally leads to the strength of skid-pipe walls 
or piers on the hearths of continuous furnaces working with split 
flame. If these walls (see Fig. 241) are made tall enough to allow 
half of the products of combustion to pass under the stock, they can 
give trouble, particularly in large furnaces. There is practically no 
cooling action; outflow of heat can take place only in the direction 
of the arrows. The whole interior of the walls becomes heated uni¬ 
formly and the bricks soften, unless built of the very best material. 
Even then it is a troublesome task to keep them in good condition, 
particularly if scale drops on the walls from the heated billets. This 


Fig. 241. Diagram illustrating the 
overheating of tall skid walls. 



scale forms a slag with the firebrick and cuts the walls very quickly 
at furnace temperature. Attempts to cool skid walls by blowing air 
through a metallic box in the middle of the wall have proved imsuc- 
cessful, on account of slag working in between the box and the bricks 
and causing the latter to fall off. Another method, which has proved 
more successful, is to imbed a few water-cooled pipes in the wall. The 
skid walls last longer than without water cooling, and the heat loss 
is negligible. 

Non-cooled pier walls made of sillimanite or high-alumina bricks 
have been used successfully, resisting both softening and slag attack 
very well. For best service, large blocks of material are used, on 
which the skid pipe rests in smaller sillimanite carriers of special 
shape, or in alloy caps which are cooled by the water-cooled skid pipe. 
With high-alumina blocks, sufficient heat can be developed under the 
skids to heat large blooms and slabs uniformly from top and bottom. 

The various methods of supporting the water-cooled skids in fur¬ 
naces with top and bottom firing are illustrated in Fig. 242. There 
can be no question about the durability of any of these designs, as 
long as cool, clean water or boiler feedwater is circxilated through the 
pipes. Heat losses to skids and vertical stanchions are greatly 
reduced, if they are surrounded by a refractory. Several different de¬ 
signs are available for this purpose, as shown in Fig. 243, sketches a, 
b, and c. The refractory rings in sketch a must be very thick to 
prevent spalling. A representative diameter is 12 in. In sketch b, 
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Fig. 242. Methods of supporting skid pipes in split-flame furnaces. 


Steel studs welded 
to pipe 



Split refractory 
tile, with alternate n 
pairs turned 180® ' 



(a) Stanchion 


Plastic chrome ore 


Castable refractory 
applied in field 


Welded in field 


Precast bottom half 
Stainless wire mesh 



(6) Skid 



(c) Skid 

Fig. 243. Insulation of water-cooled stanchions and skids. Method (c) is also 
arranged with molded half-sections supported from welded studs at the top of 
the skid pipe. 
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plastic chrome ore is held in place by studs projecting from the pipe. 
In sketch c, stainless wire mesh is welded to the''pipe to hold a cast- 
able refractory in place. These heat-saving devices are useful only 
if time and care in maintenance are devoted to them. 

If the design permits, vertical stanchions are located directly under 
the skid pipes. If the design does not permit this arrangement, tubular 
crossbars, resting on the stanchions, support the skid pipes, as shown 
in Fig. 242d. The size of the crosspipes is computed from the well 
known rules on the bending strength of beams. 

Insulation of horizontal pipes involves the same diflSculties as that 
of vertical stanchions. The methods employed are the same as shown 
in Fig. 243, sketches b and c. 

A great deal might be written about the strength and durability 
of the hearths of automatic furnaces, through which the stock is moved 
by chains, rocker bars, and other mechanical devices. However, de¬ 
signs of that character are more or less special, and no generally appli¬ 
cable rules can be given. The durability features of special hearths 
are discussed in the chapter on labor-saving appliances in Volume II. 


4. FOUNDATIONS 

The purpose of a furnace foundation, as stated in the preceding 
division, is to distribute non-uniform furnace weights uniformly to 
the subsoil. The loads that different soils can safely bear are given 
in handbooks and need not be repeated here. The total weight of 
^Turnace, plus charge, plus foundation,” divided by the specific bearing 
capacity of the soil, determines the area over which the foundation 
must be spread. The bending moments produced by the uniform 
upward thrust of the soil, and by the more or less concentrated down¬ 
ward loads of the furnace and charge, determine the thickness of the 
foundation. With furnaces resting on ventilated hearths, this pro¬ 
cedure can be carried out according to the rules of mechanics; but, 
if the hearth of a furnace rests directly on the foundation, heat expan¬ 
sion, as explained previously under the heading of hearths, must be 
considered. The danger of cracking the edge of the foundation, by 
expansion of the center, has been explained, and it stands to reason 
that these dangers can be minimized by making the concrete founda¬ 
tion thinner in the center of the furnace than around the outside (see 
Fig. 244). The advantage of this difference in thickness is evident. 
The force produced by the heat expansion of the thinner concrete in 
the center will be small compared to the tensile resistance of a large 
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rim of concrete. If heavy ingots, or similar concentrated weights 
are to be heated in the furnace, it is better to produce even pressure 
on the subsoil by a thicker hearth combined with a slightly thicker 
foundation than by a thicker foundation alone, because of the effects 
of heat expansion, as previously mentioned. It is also advisable to 
pack tamped and rammed cinder into the center part. 

Solid hearths and solid foundations leave no cool place in which 
to locate bottom tierods. For that reason it is better to do away with 
them altogether, by burying the bottom ends of the buckstays in the 



Fig. 244. Reinforced furnace foundation taking the place of bottom tie rods. 

foundation. Rather simply stated, the advantage of this arrangement 
is that the bottom tierods cannot become overheated, because there 
are none. 

The device of burying the buckstays in the foundation must, of 
course, be used with care. If the foundation is cut up by flues, it 
cannot be depended on to transmit tension. In any event, it is safer 
to reinforce the outer ring with rods; see 6 in Fig. 244. The desirable 
amount of reinforcing steel can be judged from the fact that the 
outer ring of the foundation constitutes a beam of the cross section 
1«2-3-4-6 and is loaded by the buckstay thrust, as well as by the 
expansion of the center. The shape of the furnace, the thickness of 
the hearth, the design of the roof, and the ratio of the thickness of the 
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center of the foundation to that of the outer ring, all affect the amount 
of reinforcing required; but for average conditions, the following 
rough and ready rule gives good results: for every square foot of 
hearth, provide % sq in. of reinforcing rod (in each beam or on each 
side of the furnace) for 2200-F furnaces, and ^2 sq in. for 1800-F 
furnaces. 

It should be noted that the expansion of the hearth may crack a 
foundation of the type under discussion. It is advisable to lay the 
two upper courses of the hearth a little loosely, or to allow some room 
between the furnace walls and the binding at the level of the hearth, so 
that the wall may fit the binding snugly without excess force when the 
furnace is hot. If that precaution is not taken, the binding is bent out 
of shape, or else, if the buckstays are quite strong, the foundation 
cracks. 

For large furnaces with areas of about 400 sq ft, the solid hearth 
must be made very thick, and too much reinforcing material is re¬ 
quired in the foundation. The ventilated hearth is then preferred, 
and the foundation is kept free from temperature stresses. Small 
furnaces of not more than 20 sq ft length area are frequently built 
after the design shown in Fig. 244, but without the reinforcing rods, it 
being possible to put so much concrete into the ring that no danger of 
cracking the foundation exists. If the design of Fig. 244 is applied to 
a foundation through which a flue leads, it is usually necessary to re¬ 
store the strength of the cut in the foundation by a plate or channel 
which spans the cut at the upper surface of the foundation and which 
is fastened to it by foundation bolts. 

Foundations for rocker-bar furnaces and for other automatic fur¬ 
naces are, as a rule, quite specially designed to seciu’e accessibility of 
the mechanism under the furnace hearth. They are discussed in 
Volume II in connection with such mechanisms. 

Continuously operated furnaces with large (not ventilated) hearths 
heat the sub-foundation soil to a depth of many feet. If the nature 
of the soil is such that it shrinks when heated, the foimdation sinks in 
the middle, because the heat penetrates to the greatest depth in that 
region. If, before construction of the furnace, several feet of soil are 
removed and are replaced by slag, no injury is done to the furnace 
foundation. 

Forge furnaces which are located near steam hammers are sometimes 
placed on springs for protection against vibration and shock. Figure 
245 (taken from Oas Trends, January 1943) illustrates the principle. 
For complete protection, forge furnaces are enclosed in steel plates, 
and piping is arranged with flexible connections. 
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Furnace 



Fig. 245. Elastic support foi drop-forge furnaces 


5. SIDEWALLS, PARTITIONS, AND BRIDGE WALLS 

Generally speaking, sidewalls of heating and annealing furnaces 
cause less trouble than roofs or hearths. Nevertheless, conditions arise 
here and there that lead to cracking, sagging, burning off, or collapsing. 
It will pay to study these troubles that occur most frequently. 

Smooth walls, not interrupted by openings, stand up very well in 
small furnaces, even if the temperature reaches 2300 F. In large 
furnaces, various causes combine to produce annoyance. Very tall or 
very long walls of high-temperature furnaces are subject to a con¬ 
siderable difference in linear expansion between the furnace side and 
the outside. If the expansion of the inner layers can stretch the tie- 
rods, or binding, cracks open up in the outer layers. The cracks in¬ 
crease wall (heat) losses, but no structural harm is done by them, 
though the owner may imagine that the cracks are the beginning of 
the collapse of the furnace. If, on the other hand, the binding of the 
furnace is strong enough to offer considerable resistance to the expan¬ 
sion, several things can happen. If the bricks are of average quality, 
they are plastically deformed at the hot face. If the bricks are held 
rigidly, without expansion joints, and if the bricks are of the high- 
alumina type, they pinch spall at the hot face. If high-quality bricks 
are not held rigidly, and if no expansion joints are provided, the wall 
may buckle into the furnace. 

On large furnaces, vertical expansion joints for horizontal expansion 
are often provided. The required width can be computed from the 
expansion data in Fig. 203. The joints are filled with cardboard or 
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wooden strips when the furnace is being erected. Expansion joints 
are offset, as shown in the plan view (Fig. 246)/ > 

Buckling of a large wall in the furnace can be avoided by building 
the wall slightly concave on the hot face. In zonefired furnaces with 
underfiring, the hearth of the soaking zone tends to push the vertical 
wall in to the underfired chamber. Damage is prevented by making 
that wall arched. 

Since the buckling tendency of walls of large extent is restricted by 
bonding, it stands to reason that the thickness of the bonded portion 
should grow with the extent of unsupported wall.* Since in any un- 



H’ expansion joint 
filied with cardboard 


Fig. 246. Expansion 
joint. 



Fig. 247. Method of supporting 
large walls from falling into furnace. 


supported rectangle the shorter side determines the strength, this side, 
whether it be height or length, should be used for determining the 
minimum thickness of the firebrick wall, it being understood that pro¬ 
tection against heat loss may require additional thickness. Tenta¬ 
tively, we may, for high-temperature furnaces, use 4% in. of firebrick 
up to 3 ft of length or height, 9 in. up to 6 ft, and 13% in- up to 
10 ft. For 1600 to 1800 F furnaces, these dimensions may be exceeded 
40 to 50 per cent. Greater unsupported lengths seldom occur; if they 
do, they require either 18 in. of firebrick, or else an auxiliary support 
for the wall, for instance, by steel hooks, as indicated in Fig. 247, or 

* Because of the difference in size, not all bricks can be bonded, unless inord¬ 
inately thick layers of mortar are used. Fireclay bricks, silica bricks, silicon car¬ 
bide bricks, and insulating bricks have dimensions of 9 by 4% by 2^ in., or else 
9 by 4^ by 3 in., whereas the dimensions of common red bricks are from 
by 4 by 2% in. to 8^ by 4^4 by 2% in. The size of pressed bricks is different, 
namely, 8% by 4 by 2% in. 
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by flat strips of metal joining the different parts of the wall. The use 
of hooks or strips requires costly chipping, which can be avoided by 
the use of standard bricks with T-shaped recesses. It should be re¬ 
marked here that sidewalls of the design shown in Fig. 248 (the reasons 
for which are explained below) are not held at the top and must be 
considered as being supported from the bottom only. 



Modern furnaces, built of insulating bricks, are protected on the 
outside with steel plates, because these refractories are soft and brittle 
in varying degrees, and because blanket, or block insulations are, as a 
rule, used in thin layers on the outside (frequently 1 or 2 in. thick) 
Attention may again be called to the fact that most insulating 
materials disintegrate with age. 

As a rule, sidewalls are held at the top against falling inward, 
because the thrust of the arch presses the skewback against the binding 
and, by virtue of friction between the skewback and the top of the 
wall, holds the wall in position. But arches of wide span, acting as 
roofs in 2200 F furnaces, are liable to collapse if there is the slightest 
yielding of the abutments, such as might occur by sagging of the 
sidewalls. It is, therefore, frequently preferable not to rest such arches 
on the sidewalls, but to support the skewbacks directly from the bind¬ 
ing, as shown in Fig. 248. This construction is safer for the arch, 
because the arch is not affected by the heat expansion or sagging of 
the sidewalls; but it is worse for the sidewalls, because their tops are 
no longer protected from falling inward. The top of the wall moves 
inward, because the hotface bricks near the bottom, where the over- 
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lying load is greatest, yield slowly, while the oi^tside (cold face) bricks 
retain their shape. Corbeling the top of the wall back, as shown in 
Fig. 248, has been suggested as a remedy against its falling inward, 
but is of no avail. Tying the wall, as shown in Fig. 247, is a better 
remedy, but the best insurance is the use of high-grade refractories, 
which do not yield under the combination of temperature and pressure. 
It should be mentioned that the steel work which supports the roof is 
protected from heat by brickwork and by sand in the expansion space. 




(a) 


Fig. 249. Two types of metal-supported sidewalls. 


A rammed plastic mix is even better than corbeled brickwork on top 
of the wall. Suspended roofs support sidewalls at their tops. 

Metal-supported walls have long been used for large steam gen¬ 
erators. In that use, the refractories are subjected not only to high 
temperatures but also to the slagging influence of flying ash from 
powdered coal. Although this combination is extremely rare in in¬ 
dustrial furnaces, large industrial furnaces are occasionally built with 
externally supported walls. In such a wall, the tiles do not rest on 
each other; each tile is separately hung from a metallic support. Two 
designs are shown in Fig. 249. These walls have the advantage that 
each tile can be replaced without tearing out other tiles; that spalling 
is reduced on account of freedom for expansion; and that the lowest 
tiles are not subjected to heavy superimposed loads. On the other 
hand, it is questionable whether the joints can be as tight against 
leakage as in the ordinary wall. 

The supported wall, and especially the supported nose (see Fig. 219) 
where a vertical wall joins a lowered section of the roof, have made 
possible many designs which, although theoretically correct, were 
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formerly ruled out by the limitations of construction details. A design 
with two supported noses is shown in Fig. 250. 



Fig. 250. Construction of sidewall between nose and roof. (Bigelow-Liptak 
Corporation.) 

Openings in the sidewalls can be a prolific source of trouble in 
furnaces that carry from 2100 to 2300 F temperatures, particularly if 
these holes are flue openings. Figure 251 illustrates this case. If the 
furnace is driven hard, the outgoing products enter the flue with a 
temperature that may reach 2450 F. If secondary combustion (brought 



Fig. 251. Sagging of flue 
tile caused by overheating. 


about by mixing of gas and air) takes place, the temperature can reach 
2560 F. The tile 1, which spans the flue receives heat from three sides 
and assumes a temperature considerably in excess of the nominal 
furnace temperature. The creep strength of ordinary firebricks is ex¬ 
tremely low at the above mentioned temperatures. In consequence, the 
tile sags under its own weight and that of part of the overlying wall, 
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and the flue opening is gradually closed up. i^idently, only the best 
bricks, such as high-alumina bricks or superduty bricks, should lie 
used in such a location. Silica brick is frequently suggested for cases 
of this sort, but every attempt to use it results in failure. The reason 
for the failure is the sudden expansion of silica brick in the range 
below 1000 F, as previously explained. This expansion also prevents 
the bonding of silica bricks with flrebricks, because they will crack off 
sharply at the first heating up. A silicon carbide tile will be satis¬ 
factory if the fine gases carry no liquid or sticky iron oxide. 



Fig. 252. Double arch over flue. 



Fig. 253 Deep jack arch, flat top 
and bottom. 


Tension in the tile, 1, of Fig. 251 can be avoided if the tile is replaced 
by an arch, but even an arch will sag under the effects of heat from 
many sides and under a superimposed load, unless the very best fire¬ 
bricks are used and laid in high-grade furnace cement. 

An improvement in design, consisting of a double arch, is shown in 
Fig. 252. The upper arch carries the load; the lower arch carries only 
its own weight, but protects the bottom of the upper arch from be¬ 
coming overheated. Results in practice have been very satisfactory. 
A deep jack arch, such as shown in Fig. 253, serves a similar purpose. 
The bottom ends of the bricks may be softened by the heat, but the 
top portion sustains the load. 

Other troublesome openings in sidewalls are door openings, the 
arches of which occasionally collapse and fall into the furnace. Quite 
often the collapse is due to mechanical abuse of the furnace, such as 
striking of the door jambs by ingots, blooms, or billets which are being 
charged. Occasionally, the door is pulled away from the funiace with 
the charge (while the latter is being removed) and then allowed to 
slam back against the furnace. But, aside from such abuse, door 
arches fall in, not from any flaw in themselves, but on account of the 
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giving way of their supports. This action is illustrated by Fig. 254. 
It occurs in its most pronounced form in piers between two doors in 
forge and heating furnaces, and particularly if the flame or heat is 
thrown toward the door to heat the stock near the door. Flames 
envelop the pier at least on three sides, and sometimes on the outside. 




Fig. 254. Action of heat 
on piers. 



Hg. 255. Pier with thick¬ 
ness increasing from top to 
bottom. 


because of poorly fitting doors. The pier assumes a high temperature 
through most of its cross section. The temperature is highest at the 
inner face and at the comers (1, see Fig. 254). Piers carry higher 
loads per square inch than sidewalls. The combination of high tem¬ 
perature and of high pressure causes the bricks near the bottom to 
yield. Although the yielding of the inner face is slow, it finally causes 
the pier to incline inward, tips the door arches, and allows them to 
fall into the furnace. 
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Several solutions exist for the problem of paaking the piers more 
durable. High-alumina bricks or superduty bricks withstand the 
combined actions of temperature and pressure much better than 
ordinary firebricks. The use of high-grade refractories is indicated for 
piers which are exposed to severe conditions. The door jambs are 


Fig. 256. Air-cooled partition wall 
in a pit furnace. 



often rounded off, thus doing away with the comers, 1, which would 
soften in any event. The pier can be made thicker at the bottom than 
at the top, which means that at the bottom of the pier, where the load 
is greatest, those bricks that carry the load are protected from the 
greatest heat. This is shown in Fig, 255. Bricks at 1, which are at 
high temperature, carry no load but protect the bricks at 2, on which 
the weight of the wall rests, from becoming overheated. Finally, as a 
last (but not recommended) resort, pipes can be arranged to circulate 
cooling water, as indicated by the dotted circles of the plan view of 
Fig. 254. According to a “rule of thumb,” the width of the pier 
between two doors should not be less than 24 in. 

Partition walls and bridge walls, which are heated from two sides, 
must be built of high-grade materials if subjected to temperatures in 
excess of 2300 F. In early designs, the partition walls of ingot-heating 
furnaces, which must withstand damage from leaning ingots in addi¬ 
tion to the effects of high temperatures, were often cooled by the 
principle shown in Fig. 256. However, in all modem furnaces of this 
type, the preferred design is a solid wall of 40 in. minimum thickness. 
Such walls are constructed of high-grade firebrick, ranuned plastic 
refractory, or silica stone, and give excellent service imder these severe 
conditions if reasonable care is exercised in heating and cooling of the 
furnaces. Most of these partition walls are in excess of 20 ft in length, 
and the longer walls are frequently built as shown in Fig. 257. 

A very difficult partition is encountered in zone-partitioned doughnut 
furnaces (rotating-hearth furnaces). Such partitions are shown in 
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in Fig. 252. In spite of the use of these expedients, the life of the 
bafSes is short. A recent design utilizes chain walls, constructed ^s 
shown on Fig. 258. The trouble with baffles has been eliminated in 
Europe by substituting a knuckle in the roof for a baffle and arranging 
burners in the roof of the knuckle, close to the inner and outer 
diameters of the circular hearth. Another European design comprises 
a double wall with an air-cooled baffle in between. 



Bridge walls are special partition walls, over which flame or flue 
gases flow from one chamber to another. They are found in regenera¬ 
tive furnaces and in so-called direct-fired furnaces in which coal is 
burned on the grate. They are also used in furnaces that are Aired 
with powdered coal. They are quite hard to maintain for the reasons 
that were expounded for partition walls, but present the added diffi¬ 
culty that ash particles, flame, or iron oxide impinge directly on 
them. No grade of firebrick withstands the combined infiuence of 
these actions. The result is that bridge walls must be repaired quite 
often; in many plants they are repaired every Sunday. Cooling of 
the bridge walls helps considerably. Figure 259 shows how secondary 
air is carried through the bridge wall of a coal fired furnace. This 
arrangement furnishes air for final combustion at the right place and 
cools the bridge wall. The same illustration incidentally shows a 
ventilating duct under the bridge wail for the purpose of keeping the 
slag from breaking through into the ashpit, which is at times quite hot 
from accumulated red-hot ashes. Another form of ventilated bridge 
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wall which is very common in regenerative furnaces is shown in Fig. 
260. Incidentally, this illustration also shows a ventilated hearth. 

As far as the mechanical strength of the bridge walls is concerned, 
it must be remembered that they have no lateral support at the top. 



Fig. 259. Ventilated bridge wall carrying secondaiy air 


Fig. 260. Air-cooled bridge 
wall in a regenerative furnace. 


For this reason, that part which is exposed to high temperatures on 
both sides should be made not less than two-thirds as wide as it is 
high, if the furnace temperature exceeds 2200 F. It is of assistance 
if the bridge wall is made wider at the bottom than at the top. With 
lower temperatures, bridge walls can be somewhat narrower. 
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6. PROIllCITON OF WALLS AND ROOFS 
BY BONDING MORTARS AND CEMENTS 


Bricks are irregular in shape and, after having served in the furnace 
for some time, often present an appearance similar to Fig. 261, which 
is exaggerated for the sake of clarity. Comers of bricks are exposed 
on two or three sides to heat, ashes, iron oxide dust, and other destroy¬ 
ing influences. The comers melt (by excessive temperature) or spall 
off (by rapid heating), exposing other surface, particularly if furnace 


Fig. 261. Exposure of edges and comers 
to furnace temperature after crumbling 
of fireclay mortar. 



temperatures of 2400 or 2500 F are carried for the purpose of rapid 
heating. To make up for the irregularities in the shapes of bricks, they 
are laid in mortar. Since bricks are made of fireclay, and since their 
particles are bonded together very strongly, it might, at first thought, 
be expected that fireclay mortar bonds bricks together with an equally 
strong force. The bonding power of fireclay mortar is, however, very 
much smaller. The bricks were machine-pressed and were then burned 
at a very high temperature. Obviously, the mortar has received no 
such treatment and has, in consequence, much less bonding or cohesive 
force than the brick particles. The bonding power depends, to a large 
extent, on the composition and fineness of grinding of the dry clay. 
A cheap mortar either melts and mns out or else acts as a dry filler 
only, which falls out. In either case, the condition depicted in Fig. 261 
is produced. Mortars of either one of these two descriptions are harm¬ 
ful fillers in places that are exposed to high temperature and pressure 
as, for instance, on the furnace side of arches or at the bottom of tall 
walls. The harmful effects of fireclay mortars are not appreciated 
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by bricklayers who have worked in the building trade (on the wall) 
and who make the joints much thicker than necessary. 

In places that are exposed to high temperature and pressure caused 
by superimposed loads, it is advisable to rub the dry bricks together 
to grind off irregularities, or else to use a high-grade mortar in a very 
thin layer. 

Bonding mortars* have been improved, and excellent mortars are 
now available for each type of refractory. Mortars of two types are 
on the market. They are: (1) hot-setting mortars, and (2) air-setting 
mortars. Hot-setting mortars do not acquire the property of bonding 
until a certain temperature has been reached. If, for instance, the 
mortar consists of first-quality fireclay with a fusion temperature 
of 3000 F, then the mortar is a filler without bonding power in a 
furnace whose wall temperature does not exceed 2200 F. And even 
if the furnace were temporarily brought up to a temperature of 3000 F, 
to make the walls monolithic, the bonding temperature would be 
reached only on the furnace side of the walls, but not from there out. 
In order to make the mortar bond for some distance from the inside 
of the furnace, the temperature would have to be run up much beyond 
the bonding temperature. A mixture of about 10 per cent of salt, lime, 
or Portland cement (or similar ingredients) lowers the fusion point 
(and with it the bonding temperature) about 500 F. 

On account of these properties of hot-setting mortars, cold-setting 
or (to use the common name) air-setting mortars are frequently pre¬ 
ferred. For use in industrial furnaces, such mortars consist either of 
a high-quality fireclay, or of silica, to either of which a binder has 
been added. The makers of air-setting mortars keep the nature of 
their binders rather secret; it is, however, known that sodium silicate 
is a commonly used constituent. Since the binder reduces the fusion 
temperature of the mortar, the base material of the mortar must have 
a very high fusion temperature. Such base materials are: high-alumina 
(diaspore) clay, quartzite, and chrome ore. Additional base materials 
for bonding mortars are in existence; however, they form mortars for 
bricks that are not used in industrial furnaces. 

Air-setting mortars bond all the way through the wall, from the hot 
surface to the cold surface. In order to bond the mortar to the bricks, 
the binder in the mortar must chemically combine with the material 
of the bricks. Time is required for this action, and the fusion tem- 

♦In former years, the term “furnace cement” was more commonly used than 
the term “bonding mortar.” When a reclassification of goods made the freight 
rates on cements higher than those on mortars, most furnace cements became 
bonding mortars. Although the freight rates are now the same, the term bonding 
mortars is now most commonly used. 



339 


Protection by Bonding Mortarc and Cements 

perature of the bricks is lowered at the interfaces between bricks and 
mortar. For that reason, commercial mortars contain no more bindeir 
than is absolutely necessary. Because air-setting mortars require time 
for proper binding, quick furnace repairs are often made with hot- 
setting mortars. Special bonding mortars have been developed for 
insulating bricks. 

Obviously, the properties of bonding mortars concern mainly the 
builders of industrial furnaces. But they also concern the owners of 
furnaces, because furnaces do not last forever and must be repaired 
from time to time, or even be rebuilt. 

In the present-day language, the term, “furnace cement” is limited 
to materials that are either brushed on or sprayed against the inner 
face of furnace walls or roofs. Industrial furnaces that are shut down 
over the week end, and are then heated quickly on Monday morning, 
suffer from spalling. Portions of the bricks drop off or out here and 
there, and the once smooth surface becomes extremely rough. Al¬ 
though this undesirable condition might be avoided by slower cooling 
and heating, it is often preferred to recondition the furnace interior 
by filling the holes. A spray gun is the usual tool, because holes are 
often so deep that brush coating is out of the question. The furnace 
cements usually consist of ground fireclay and bonding mortar. The 
latter is adapted to the temperature that ordinarily prevails in the 
furnace. 

The suitability of furnace cements is best determined by trial. A 
common method of comparing furnace cements is to try two brands 
on different but equally difficult parts of the same furnace. Too much 
must not be expected of brush or spray coatings. They last a certain 
time and then gradually crumble away. In spite of this fact, repeated 
building up of furnace interiors by spraying is usually cheaper than 
rebuilding the furnaces. Brush coatings are often applied to new 
furnaces to hasten their becoming monolithic. 

Although coatings on the outside of furnace walls are for heat 
economy rather than for strength and durability, coatings for -tiie 
outside of furnace walls are discussed here. Such coatings are applied 
to furnace walls and checkers to prevent air infiltration and reducing 
heat losses. Mixtures of clay and sand or diatomaceous powder, with 
molasses or similar material as a binder, have been used. The coating 
is applied by trowel. A better material is fibrous asbestos with bitu¬ 
men as a binder. Gas-producer tar is often used as coating, being 
thinned before application with gasoline or other solvent. Insulating 
cements which withstand temperatures up to 2800 F and which adhere 
well to walls are now on the market. 
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7. DOORS 

Furnace doors should be tight, light, durable and heatproof. In this 
division, the problem of obtaining as many as possible of these desir¬ 
able features will be taken up, especially that of securing strength and 
durability. 

By far the greatest number of doors are of the lifting type. Hinged 
doors have two disadvantages. One is that, with hinged doors, it is 



Fig. 262. Hinged door for small fur¬ 
naces. 


impossible to heat a piece which is to be partly within the furnace and 
partly out of it. The second objection is that hinged doors are, as a 
rule, slammed in closing; this loosens the refractory material and 
causes it to drop out. In small furnaces, such as tool-hardening fur¬ 
naces, for instance, these objections are not valid enough to forbid 
the use of hinged doors, and designs similar to that shown in Fig. 262 
are used. A single tile is held firmly against the door frame by one 
or more bolts, the ends of which are protected against the heat by 
fireclay. If the tile breaks, a new one is easily inserted. 

Large hinged doors serve well at the discharge end of continuous 
slab-heating furnaces. A swinging door for such a furnace is illus¬ 
trated in Fig. 263. The door consists of one or more castings; if more 
than one, they are bolted together. It is lined with firebrick or cast- 
able. A door of this design could not long withstand the repeated 
impacts of slabs or blooms sliding down the incline. For that reason, 
the door-opening mechanism and the pusher mechanism are elec- 
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trically interlocked in such a manner that the pusher mechanism can¬ 
not operate until the door is wide open. Fart of the door-operating 
mechanism is shown in Fig. 263. The rest consists of an electoic motor, 
a gearbox, a solenoid brake, and additional levers, links, and shafts, 
the arrangement of which varies with the available space. 

The metal frames of lifting doors must be strong and rigid enough 
to carry the refractory lining without danger of cracking it, and to 
withstand the tendency to warp which is caused by the heat expansion 



Fig. 263. Mechanically operated door at discharge end of continuous furnace. 


of the lining. To minimize heat losses, the refractory lining should 
be both thick and of good insulating quality; yet the weight of the 
door should be small, so as to offer little frictional and inertia resist¬ 
ance to opening and closing. Furthermore, doors must withstand the 
action of heat escaping from the furnace. 

If the furnace temperature does not exceed 1600 F, the design and 
maintenance of doors are comparatively easy. The low temperature 
permits the door lining to be made of a highly insulating material, 
such as the plastic insulating materials which have been previously 
discussed in this chapter. These can be rammed into the door frame 
to form a monolithic lining. The weight of such a lining is between 
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50 and 60 pcf, and the thermal conductivity is from one-fourth to 
one-third that of dense firebrick. 

Small doors of less than 4 sq ft in area do not require reinforcing, 
but they should have the edges protected and be not less than 2^ in. 
thick. Figure 264 shows how the cement is held against the door 
frame by hooks or anchor bolts. If of cast iron (as is usual), the door 
frame is made just as thin as can be cast, which means % in. for doors 
of up to 8 or 9 sq ft, and correspondingly more for larger doors. 



Fig. 264. Methods of holding cement in door frame 


Large doors which contain a rammed mixture require reinforcing, 
either by ribs in the door frame or else by running tierods through 
the door frame vertically and horizontally, and placing between the 
two sets of rods wire netting of 34* to 1-in. mesh. If the reinforcing 
is placed in the middle of the 4%-in. thickness of cement, no backing 
is required, a steel channel frame with the before-mentioned tierods 
being sufficient to give strength to the door. Steel channel frames, 
however, should be confined to furnaces at low temperatures, or to 
those which are heated by resistance elements or by radient tubes, 
where the furnace is not under pressure. A design of this kind is shown 
in Fig. 265. Wherever it is desirable to project the lining past the 
door frame, it is advisable to run a course of brick on edge completely 
around the door frame, setting the brick out to the desired projection. 
The insulating cement is then finished up flush with the brick edge, or 
else applied so that the brick projects a quarter of an inch. 
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Monolithic door linings which will withstand temperatures up to 
1900 F consist of crushed insulating firebricks mth calcium aliuninate 
(such as trade named Lumnite) as a binder. The mixture can be 
rammed into place but is more conveniently cast in place. 

The design and maintenance of doors are easy so long as the furnace 
temperatures do not exceed 1600 F, but difficulties arise as the tem¬ 
perature grows higher. The doors and door frames of certain 2200-F 


Fig. 265. Furnace door with reinforced in¬ 
sulating cement. 
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furnaces cause weary hours to both furnace builders and furnace oper¬ 
ators. The doors consist of frames which are lined with firebricks 
which become loose, catch on the furnace front, and drop out. (Laying 
the bricks in good bonding mortar helps to avoid this.) In addition, 
linings suffer from mechanical abuse. Taking material out of a hot 
furnace when the door is wide open is a disagreeable task. The door 
is lifted no more than is absolutely necessary, and the workmen, in 
their hurry to remove the stock from the furnace, catch the bottom of 
the door, pull it away from the furnace, and then drop it back against 
the seat. Very few door linings withstand this treatment for any 
length of time. This applies particularly to the ordinary designs of 
door frames, such as Figs. 266 and 267, which are green sand castings 
made without cores. Solid doors of cast iron (Fig. 266) are common 
for door openings up to 2%-ft width. For wider openings the iron 
work is open, as in Fig. 267. 

Undercut doors, such as shown in Fig. 268 (which represents hori¬ 
zontal section through such doors), retain the brick lining much better, 
but they are more expensive in the foundry. Evidently, the retaining 
frictional force in Fig. 268 depends on the care and force witlj which 
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the bricks are pushed into place, and also on the area of the door. 
Quite obviously, the binding force of the inclined edges does not extend 
to the center of large doors. The use of hig6-temperature bonding 
mortars for door lining is recommended, both for the first laying of 
the bricks and for week-end repairs. 

A very rough-looking but very substantial solid door is obtained 
by setting firebricks into a mold and pouring cast iron over and around 
the bricks after they have been heated. The iron penetrates into the 


Fig. 268. Furnace door with undercut frame. 


cracks and, in shrinking, grips the bricks so tightly that they are held 
permanently. Only spalling or burning off of the bricks can put this 
door out of commission. The only way to repair such a door is to 
make a new one. 

Doors are made to be opened and closed. When the door is open, 
the lining is cooled; and when the door is closed, the lining is heated 
again. This alternate change of temperature produces spalling in 
refractory bricks of many types. It is claimed that certain refractory 
cements withstand temperature changes very well. 

For the sake of lightness, the firebrick lining of doors is frequently 
made only 4^ in. thick. If dense firebrick constitutes the lining, the 
heat loss through the door is very great. Insulating firebrick is much 
to be preferred as a lining. Even if made 9 in. thick, insulating fire¬ 
brick do not make a heavy door. 

Doors exceeding 36 sq ft in area are very heavy if the frames are 
made of cast iron. Furthermore, large cast doors are unreliable on 
account of casting strains. In addition, it is very hard to hold the 
bricks in a large plain door. Finally, warping of large doors cannot 
be prevented, unless the metallic backing of the refractory lining is 
very rigid. Sheet steel to which strong I-beams and channels are 
welded meets this specification. A rigid door of this description is 
illustrated by Fig. 269. The refractory lining is fastened to the metal¬ 
lic backing by any of the above-described methods, for instance, by 
T-shaped hooks that fit into recesses in the bricks. Inspection of 
Fig. 269 reveals the fact that a limited number of bricto is thus 
fastened. The rest are held in place by friction. 

Figure 270 is a view of part of a car-type furnace. When serving 
for stress-relieving large tanks, such furnaces assume huge dimensions. 
Vertically moving doors would require either a tall tower for guiding 




Fig. 269. Rigid door of structural members. (Courtesy of Wilhelm Ruppmann ) 


or else a deep pit, either of which is objectionable. The difficulty 
is overcome by making the door an integral part of the car. The 
structural work by means of which rigidity is obtained is well shown 
in the illustration. 

For the benefit of furnace operators, water-cooled doors are occa¬ 
sionally used, although in heating furnaces, strength and durability do 
not require their use. Where a number of doors are located along the 
front of a furnace, water-cooled front skewbacks greatly lengthen the 
life of arches which are sprung from front to back of such furnaces. 
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Practically all vertically lifting doors are balanced by counter¬ 
weights (Fig. 271). The latter reduce the work of the door-lifting 
mechanism and assist in keeping the door open in any desired posi- > 
tion. Some engineers have made the counterweights adjustable for 
the purpose of maintaining perfect balance when part of the lining 
has dropped out. The loose parts of the counterweights are, as a rule, 
mislaid and get lost. Large heavy doors are operated by power 



Fig. 270. Structural door mounted on furnace car. 

(electric, hydraulic, or pneumatic). Counterweights are not necessary 
with power operation, but are nevertheless installed to assist in manual 
door operation in case of power failure. 

Counterweight mechanisms should be so designed that they are not 
in the way of the operators, and at the same time are not exposed to 
the action of flame escaping from the doors. Sheaves should be of 
the roller-bearing type, since plain bearings under the action of heat 
produce such excessive friction as largely to nullify the effect of coun¬ 
terweighting. Wire cables operate more smoothly and with less force 
than chains, but the latter are frequently used for large doors at high 
temperatures. If the weights enter a pit in the floor, guards should 
be provided to protect the operator. 
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A part of the door that needs attention is the bottom, particularly 
in forge furnaces. The latter are frequently so operated that flames 
or hot gases pass out around the billet or ingot on which the door rests. 
The bottom of the door is then exposed to flame and hot products of 
combustion, burning off while the rest of the door frame is still in very 



Fig. 271. Door-lifting mechanism 
with counterweight. 


good condition. Although these circumstances favor making the 
bottom part of the door removable, the problem is how to make it so 
without introducing new troubles. There must be no bolts on the 
inside of the door, because they will bum in so tightly that they 
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Fig. 272. Removable door bottoms. ^ 
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cannot be removed. Bolts that are located on the outside have a short 
lever arm and should be assisted by bolts on the side of the door as 
shown in Fig. 272. 

The rib on the inside of the lower end of the main part of the door 
is quite important, keeping the lining intact during the replacing of the 
bottom. 

Forge ftimaces are responsible for another type of door which is 
quite troublesome—^namely, the split door. The use of split doors is 
encouraged by the fact that two forgings of different sizes can be 
heated in one door opening if a split door is used (see Fig. 273). The 
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split door is troublesome, however, because the proper guiding of each 
half is very difficult. Unless great care is used, the two parts flop 
around, hang out of square, allow wide openings for flame discharge 
and the burning out of doors, door frames and furnace fronts. The 
split door is a nuisance and should be avoided whenever possible. It 
can be improved by guiding an upward extension of each door above 
the door opening. 


Fig. 273. Split door. 



Good furnace doors fit tightly. Combustion-type furnaces are oper¬ 
ated with a slight pressure to keep air out, and, even if that pressure 
is only 1/30 in. of water, loose-fitting doors allow fiame and products 
of combustion to escape. Even if the draft should be perfectly bal¬ 
anced at the hearth level or if electric heating is used, the height of the 
heating chamber will set up a draft, allowing cold air to pass in at the 
bottom and heat to pass out at the top of the door if there are leaks. 
In this sense, tightness of doors insures greater durability. 

Tightness depends partly on correct stispension of the door. On 
account of the burning away and spalling of the lining, it is difficult 
to suspend doors so that they always close tightly, unless adjustments 
are provided. A door that is lifted by two chains needs only an in-and- 
out adjustment, but a door lifted by only one chain needs also a 
right-and-left adjustment. Ordinarily, adjustment is obtained by 
branching one chain in two, or by using two links, as shown in Fig. 274. 
Bending of the links is used for adjustment. 

Unfortunately, the adjustment is not permanent, on account of 
spalling or crumbling of the lining, and also because of mechanical 
injury. For that reason, a quicker and more certain adjustment is 








350 


Strength and Durability of Furnaces 

desirable. Such a method is shown in Fig. 275. T-headed bolts slid¬ 
ing in slots provide in-and-out adjustment, while an eye-bolt with a 
large washer, sliding in an oblong hole, provides for right-and-left 
adjustment. The crossbar must, of course, be made strong enough to 
carry the weight of the door. 



Fig. 274. Door suspension. 
Links can be shortened by bend¬ 
ing. 


Even with the most careful hanging of doors, it is diflScult to make 
them close tightly, unless good door checks are provided for holding 
the door against the furnace front. A good and inexpensive door check 
is illustrated in Fig. 276. A wedge-shaped face piece on the door 


Fig. 275. Adjustable suspen¬ 
sion of furnace door. 



comes in contact with a long leaf spring, which is cut and bent to 
secure safe entrance, even if the door should hang away some distance 
from the frame. If so designed that the springy part is protected 
against excessive heat, a spring check of this description is much better 
than a solid door check. The latter is broken off, sooner or later, by 
abrupt lowering of the door. Besides, a door cannot bear tightly 
against rigid door checks and, at the same time, close tightly at the 
bottom unless there is a sand bottom, as in Fig. 277. With a sand 
bottom, the rigid door check is satisfactory. Most door checks are of 
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no use with doors that work with various heights of opening, such as 
doors on forge furnaces. 

The door check shown in Fig. 269 is an exception. A U-shaped 
bar resting on two projecting, inclined arms lightly presses the door 
against the furnace front in any position of the door. 



Fig. 276. Furnace door check. 


Fig. 277. Door with 
sand seal at top and bot¬ 
tom. 


A door-tightening device that is operative at any height of door 
opening, and that cannot be broken by careless handling, is obtained 
by making use of gravity. To this end, doors are made slightly in¬ 
clined, as in Fig. 278. 

In that case, the lifting chain must pull parallel to the face of the 
door, and the door must slide on the furnace front. If brick slides 
on brick, there is constant danger of catching and ripping the linings 
out of the door; and if metal slides on metal, there is danger of burn¬ 
ing these slides away, on .account of the before-mentioned pressure 
in the furnace, or because of the chimney effect. In some furnaces, 
the sliding surfaces, marked by arrow 1 in Fig. 279, are protected 
against excessive heat by a broad surface of refractory material. Al¬ 
though this design is very good for protection of the frame, it exposes 
the refractory lining to mechanical injury. For that reason, the design 
of Fig. 280 is commonly adopted for door fronts, with either cast iron 
or cast steel as material. The sections are made heavy, and deep ribs 
are provided. The ribs serve a double purpose. First, they carry off 
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Fig. 278. Inclined furnace door. Fig. 279. Door with metal sliding 

on metal. 



Fig. 280. Typical door frame. 


and dissipate the heat which is imparted to the front at the door 
opening; and, second, they protect the furnace binding against im¬ 
pinging heat. 

At the top of doors, and particularly of split doors, the burning of 
the door frame is frequently quite severe, although it should be under- 
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stood that most of this trouble can be prevented by proper control of 
combustion in the furnace. Furnace engineers l^ave tried to counter¬ 
act the effect of flame at the top, either by water-cooling (Fig. 278), 
or by making the top part of the frame removable (Fig. 281). Quite 



Fig. 281. Removable top of door 
frame. 



Fig. 282. Water-cooled section of 
door frame. 


obviously, the seal is very imperfect with doors that have to be used 
in a partly open position. The bolts for holding the removable top 
piece in Fig. 281 have been set pretty well out of the path of the flame, 
but even in that location they will bum in so tightly that they can be 
removed only by chipping. Through-bolts should be used wherever 
possible; if one end of the bolt is inaccessible (as in Fig. 281) it should 
be T-shaped and flt into a slot with lugs on the back of the casting, 
so that the bolt can be easily removed and a new one inserted with 
little trouble. 

The life of door fronts is increased by casting a pipe into the front 
near the most exposed pieces and circulating water through it (see 
Fig. 282). In extreme cases, hollow door frames are used with water 
circulating through the whole front (see Fig. 283). Although this type 
of frame is quite common on open hearth furnaces, its use with heating 
furnaces is limited. The great temperature differences to which it is 
subjected make it liable to frequent cracking. This difficulty is over¬ 
come by making the front of soft welded steel. 

The sills of door frames have to carry the weight of the stock while 
it temporarily rests on them. This fact is self-evident, and yet many 
broken sills are found because the draftsman overlooked this weight 
factor. In forging furnaces, with flame passing out between sill and 
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door, a large billet (see Fig. 278) on the sill forms a strong, durable, 
and easily replaceable part. 

Chain doors of two types are in use. Neither type is a true door, 
but rather a baffle. The chain baffle which consists of interlocking 



SECTION A-A 

Fig. 283. Water-cooled door frame. 



Fig. 284. Furnace with chain door. Fig. 285. Chain door. 

(Courtesy of E. J. Codd 
Company.) 

I-shaped tiles was illustrated by Fig. 268. At the charging end of 
continuous furnaces, refractory chain baffles restrict the flow of gases 
between furnace interior and atmosphere. The same purpose is served 
by metallic chains. As shown in Fig. 284, the chains are attached to 
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the bottom of a solid door and rest on the entering stock which is to 
be heated. The bafBe action is increased by arranging the chains in 
double rows, with the bottom ends made of pipes to avoid tangling.' 
Chain doors, such as illustrated by Fig. 285, are serviceable in places 
where solid doors would have to be open most of the time. The opera¬ 
tor can enter and remove stock and rearrange it through the chain 
door. He is protected from extreme heat, because the chains are a 
radiation screen. 

Cast-link chains made of heat-resisting alloy have a longer life 
than welded chains of soft steel. 


8. FURNACE BINDING 


If a furnace is to stand up for any length of time, it must be bound 
with iron or steel (or any other strong metal). The forces to which 
furnace binding is subjected fall into two groups: (1) the forces that 
arise from the thrusts of sprung arches, and (2) the forces that arise 
from the expansion of straight walls, including hat suspended roofs. 
The methods of calculation differ in the two cases. 

From Fig. 209, the forces that an arch exerts can be calculated, and 
magnification factors can be introduced, as explained on page 294. 
The arch thrust must be taken up by the binding without the yield 
point stress of the binding being exceeded. Buckstays and tierods 
or cross-beams are used, which means that the thrust of the arch must 
be carried by a beam between the buckstays. An example will make 
the method of calculation clear. 


Example. Let the arch be 9 in. thick, 10 ft span, radius 10 ft (see Fig. 286), 
and let the buckstays be 3 ft apart. 

Distance, center fine to center line of upper and lower tierods, is 9 ft 6 in. 
Distance from center line of upper tierod to line of action of horizontal arch 
thrust is 12 in. 


Weight of arch section 3 ft wide = 3 ft X rr ft X (2jr X 10 ft radius 

An\ lA \ 

■J X 126 pcf = 3060 lb. Magnification factor = 2}4 (page 296). 


j60 

360, 


Reaction F (Fig. 286) = VI X (J^ X 3060) X factor 2}i = 6600 lb. 

A stress of 12,000 psi may be allowed in the tierods. The area of each rod 
must then be 


6600 X (114 in. - 12 in.) 
12,000 X 114 in. 


0.50 sq in. 


at the root of the thread. 

The nearest size is 1 in. diameter rod. 
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Fig. 286. Forces in furnace binding. 


Bending moment in buckstays 


= 6600 lb X 


12 in. X (114 in. — 12 in.) 
114 in. 


71,2001b in. 


Required section modulus = - = 5.9 cu in. 

12,000 psi stress 

From table of properties of structural shapes, each buckstay would consist of 
two 5-in. channels. Since the buckstays are usually cooler than the tierods, 
a somewhat higher stress could be permitted, and 4-in. channels could be 
used, if saving of weight is an object. The angle or channel which supports 
the arch abutments between the buckstays is a continuous beam with numer¬ 
ous supports. However, for reasons of simplicity and additional factor of 
safety, it is figured as a number of shorter separate beams, supported at the 
ends and uniformly loaded. 

Bending moment in horizontal plane, due to arch thrust 


6600 lb X 36 in. 
8 


29,800 lb in. 


Bending moment in vertical plane 

^ 3060 X 36 
2X8 


6900 lb in. 


(if weight of arch is supported entirely by steelwork and none of it rests on 
the sidewalls). 

A 4 by 4 by H in. angle may be used. 

OQ &nn 

Tensile stress due to horizontal B.M. = = 7710 

3.86 

6900 

Tensile stress due to vertical B.M. = — = 1790 

o.oo 

Greatest combined tensile stress, at outer lower corner 
. = 7710 + 1790 = 9500 psi 
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The cross-binding may be either rigid or 3 rielding. In the present example, 
the calculation is made for spring-loaded tierods. 

Allowing a total variation of tierod tension from cold to hot of, say, 25 per* 
cent of the initial tension when the arch is cold, a change of spring force of 
114 — 12 

0.25 X 6600 X —— = 1500 lb would be required. If the arch does not 
rise, horizontal expansion 0.075 in. per ft X 10 ft « ^ in. Spring scale 
“ ~ 2000 lb per in. 

A spring must be selected that will sustain a load of 6000 lb when the 
arch is cold, with deflection of 1 in. by 2000 lb load. From spring tables, this 
corresponds to a spring of 6 in. outside diameter of coil, in- wire, 11 coils. 

If 50 per cent variation of force is allowed, a spring of 4H in. outside 
diameter, 1 in. wire, 10 coils, would be suitable. 

Unless the arch is sprung in all directions (turtleback arch), the 
longitudinal binding, which is diagrammatically illustrated in Fig. 287, 
must be calculated as resisting the direct expansion of the walls and 
of the roof. The forces which affect the binding of furnaces with 



Fig* 287* Diagrammatic view of longitudinal furnace binding. 

suspended roofs and also the longitudinal binding of furnaces with 
sprung arches are very much less definite than the forces that the cross 
binding of furnaces with sprung arches must withstand. The cross 
binding must not be strained beyond the yield-point stress, or else 
the arch will collapse. The other two bindings are often strained be¬ 
yond the yield-point stress, and no harm results. 

Although the hot portions of a furnace wall tend to expand more 
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than the cooler sections near the outer face, it is permissible to figure 
with an average expansion, because the brick particles having different 
temperatures are tied together by shear stresses which tend to equalize 
the expansion. 

At hot face temperatures between 2000 and 2400 F, firebrick has 
expanded about 0.075 in. per ft of length. At cold face temperatures 
of 400 to 500 F, it has expanded about 0.02 in. per ft of length. The 
average expansion is about 0.05 in. per ft of length, which equals 
4/1000 of the length. Steel is stretched to the yield-point stress by a 
unit elongation of 1/1000. The difference is so great that any elastic 
compression of the brickwork cannot reduce it substantially. This 
means that the binding, which remains relatively cool, is stretched 
beyond the yield-point stress, unless it is so strong that it can suppress 
almost three-quarters of the expansion of the brickwork, or, more 
probably, unless allowance for brickwork expansion is provided, either 
by accident (soft fireclay between every brick) or by design. 

From the few data that are available it appears that the modulus 
of elasticity of firebrick at elevated temperatures lies between 500,000 
and 2,000,000 psi. With 1,500,000 psi as an average and with 30,000 
psi as the yield stress of steel, the following relation exists for elastic 
compression of brickwork: 


Unit compression = 


30,000 X Cross-sectional area of binding 
1,500,000 X Cross-sectional area of brickwork 


Area of binding 
50 X Area of brickwork 


Since the overall unit expansion equals 4/1000, the elastic compression 
of the brickwork must take up 3/1000, if the binding stress is not 
to exceed the yield point. Then area binding = 50 X 3/1000 X area 
brick = 0.15 brick area. 

It is economically impossible to provide binding with a cross-sec¬ 
tional area equal to almost one-sixth of the area of the refractory. 
This means that either expansion joints must be present, or the bind¬ 
ing is stretched beyond the yield-point stress. 

From the foregoing example it follows that the above-given equa¬ 
tions furnish dimensions of binding that are greatly in excess of those 
used in practice. This means that, in all furnaces, the binding is 
stretched (as can frequently be observed) or that expansion allow¬ 
ance is present in the brickwork. If the binding has been stretched 
and the furnace is cooled, the bricks contract, either individually or 
in groups, and are not held together by the binding. Cracks open. 
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If, during the next heating period, each brick moved contrariwise, 
exactly the same distance as it did during the cooling period, the cracks ^ 
would be closed and no binding would be needed. This ideal condi¬ 
tion is, of course, never met in practice. In the corners, the bonding 
of the bricks interferes with orderly contraction. At each successive 
heating, some bricks project out from the walls at the comers, or else 
the comers lean outward. The binding must resist such movements, 
because they would lead eventually to collapse of the furnace. 

Obviously, the relative movements of the bricks depend on fortuitous 
circumstances such as strength of bonding mortar, location of flues 
in walls, softening of the hot face by flames, and many other influences. 
The greatest force the binding (which had been stretched at the first 
heating up) could be called on to resist would equal the frictional 
resistance of one-half of one wall against its foundation. Even with 
a low working stress in the binding, an extremely small area of binding 
satisfies this condition. It is therefore advisable to introduce an em¬ 
pirical rule and to make the cross-sectional area of the longitudinal 
binding equal to ^ per cent of the brick area (sidewalls and roof) 
it supports. Thus it is apparent that considerable latitude is left to 
the furnace designer. 

From the foregoing reasoning it is clear that the comers of furnaces 
must be protected and held rigidly. The steel angles that protect the 
comers are often extended below the furnace to serve as legs. Bending 
moments are minimized if the longitudinal or end binding is in line 
with the sidewalls. However, such an arrangement would, in many 
cases, locate the horizontal beams directly over the flues. Evidently, 
if the corner-to-corner horizontal beams are strong enough, the binding 
may be located in any convenient place. In the standard design of 
medium-sized furnaces, the cross beams under the hearth are welded 
to the buckstays and carry the plate that supports the hearth. Men¬ 
tion was made earlier that the bottom beams or tierods must not be 
buried in an unventilated hearth, if the roof is an arch. 

If the beams and buckstays supporting an arch are rigid, any (or all) 
of three things happen: The arch rises, its hot face is compressed elas¬ 
tically, its hot face creeps (it is compressed plastically). 

A suspended roof expands like a sidewall. No expansion joints can 
be provided. In most designs, the roof extends part way into the 
top of the walls. It is surrounded by a soft packing which is usually 
made of asbestos composition. In any event, a flat roof cannot exert 
a greater thmst against the binding than a sidewall of equivalent 
dimensions exerts. 

So far as types of furnace-binding members are concerned, there is 
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no end to the variety of forms, especially in home-built furnaces. 
Where tierods are used, two channels back to back frequently serve 
as buckstays. Where a single cross channel at the top and bottom 
replaces tierods, a heavier single channel is generally used for the 
buckstay. In many home-made furnaces, two old rails serve as buck- 
stays, and angles are frequently used for comers. Buckstays near 
doors, and particularly between doors, are often exposed to heat and 
dame. The thin section of ordinary structural material does not carry 
heat away fast enough, and warping and burning result. For that 
reason, heavy rolled slabs are often used in the steel mills, and for 
high temperature furnaces the buckstays are frequently water-cooled. 

The advent of the continuous strip mill reduced the price of sheet 
steel to such an extent that modern industrial furnaces can be encased 
in steel. The casing must be especially strong and rigid around port¬ 
able furnaces, which have to withstand the bumping in a freight yard. 


9. DAMPERS 

Furnace pressure is controlled by an adjustable obstmction either 
in the flue which leads to the stack or else on top of the stack, if a 
stack is a part of the furnace. A damper on top of a flue appears in 
Fig. 288. The location of a flue damper can be seen in Fig. 289. In 
former years, dampers were generally located on top of stacks, because 
that location protected the dampers against destruction by hot gases 
or flames. However, rusting of the joint and changes of temperature 
of the operating rod make close automatic control of the furnace 
pressure impossible. For that reason, important furnaces are now 
equipped with flue dampers. 

A flue damper is a plate which slides up and down across the main 
horizontal flue. The design and material of the damper must be 
adapted to the maximum temperature of the waste gases in which 
the damper hangs. 

If the temperature of the waste gases does not exceed 1300 F, the 
ribbed damper (Fig. 290) serves very well. It is 3 in. thick over the 
ribs and is made of high grade nodular cast iron. For waste-gas tem¬ 
peratures up to 1600 F, castings of low alloy steel are preferred. 
Figure 291 illustrates, in detail, a widely used design. Warping is 
minimized by building a damper of horizontal sectional castings which 
are threaded on a valve stem of rectangular cross section. The bottom 
casting, 1, rests on taper, 2, of the valve stem. All other castings, 3, 
are alike. Each rests on the one below. 
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Air-cooled dampers have been tried. Radiation from flue gases and 
from adjoining brickwork is so great that air cooking does not protect 
the damper unless it is covered with insulation. The insulating ma** 
terial is held in place by studs. 



Fig. 288. Stack-t 3 rpe damper. 




Tube Carrying Gomprened Air 
from **Controller** to ‘^Regulator** 


\ Furnace Preeeure Controller 


Fig. 289. Automatic regulator for maintaining constant furnace pressure. 
(Courtesy of Hagan Corporation.) 
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For temperatures up to 2600 F, the design of Fig. 292 can be recom¬ 
mended. It was originated by the Blaw Knox Company of Pittsburgh. 
Bricks or tiles are shoved horizontally into the water-cooled frame 
immediately below the top crossbeam and are guided as well as held 
in place by %-in. diameter rods which are welded to the vertical 
water-cooled members of the frame. The rods do not extend all the 
way to the top, so as to permit the insertion of tiles. The top tiles 
are locked in by short rods which are dropped into place through holes 
in the top crossbeam. These rods interlock with the crossbeam and 
with the tiles in the second row from the top. Since only a fraction 





of the damper surface is water-cooled, the consumption of cooling 
water is moderate. Incidentally, Fig. 292 shows a damper hood which 
reduces air infiltration to a low value. 

Temperatures in excess of 2600 F are not encountered in the waste 
gases from industrial furnaces in the sense of this book. Furnaces 
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that discharge gases at higher temperatures are equipped with totally 
water-cooled dampers. ' 

Heating furnaces of the batch t3rpe and heat-treating furnaces of 
all types are usually built without stacks because it is difficult accu¬ 
rately to control the atmosphere in such furnaces by attempting to 



Fig. 291. Sectional (steel-castings) damper for medium temperatures. 


control the considerable draft which is created by a stack. With the 
relatively small input of fuel involved, a sufficient tightness of the 
furnace and damper cannot be maintained to insure a positive furnace 
pressure required to prevent air infiltration. Waste gases are dis¬ 
charged from wall fiues or from ports in the furnace roof to the atmos¬ 
phere. Where automatic control of pressure is desired, these openings 
are often manifolded by means of a brick duct on top of the furnace. 
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Fig. 292. Damper with water-cooled frame for high temperatures. 
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witii one large opening provided with a mechanically operated damper. 
A typical air-diaphragm operated damper medhanism is illustrated, 
in Fig. 293. 

Since recuperators are an accessory, their strength and durability 
are discussed in the fourth edition of Volume 11, and since tile recu¬ 
perators and brick generators have many features in common, a dis¬ 
cussion of the strength of regenerators is likewise transferred to 
Volume 11. 


Fig. 293. Air operated damper. 






chapter 


Movement of Gases 
in Furnaces 


1. PHYSICAL LAWS OF MOVEMENT 
OF GASES 


The understanding of the important facts of this chapter will be 
very much facilitated by a review of the underlying physical facts 
concerning buoyancy, velocity head, friction between gases and solids, 
viscous drag, and induction. It is true that these laws may be found 
in almost any engineering handbook, but they are usually not in a 
form that is convenient for use by the furnace engineer. 


n 




Cold 


Fig. 294. Diagram illustrating cause of stack 
draft. 



A column of hot air (see Fig. 294) weighs less than a column of cold 
air of equal height, which is shown dotted to form a U-tube. This 
dotted column corresponds, of course, to the outside atmosphere. The 
difference in weight produces a pressure difference which is known 
as draft and which is commonly expressed in inches of water. The 
draft is proportional to the height of the column and to the difference 
366 
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in density between the hot and the cold air. Expressed in pounds per 
square foot, the draft equals (q® — qh)H, whfere q, and q» are 
densities of the cold and hot coliunns, in pounds per cubic foot, and H 
is the height of each column or stack in feet. Since 12 in. of water 
column exert a pressure of 62.3 psf (which numerically equals the 
weight of 1 cu ft of water), the i’aft, expressed in inches of water, 
equals 

The densities of air and of other gases depend on their temperatures 
and pressures, thus: q = p/(BT), where p is the absolute pressure 
in pounds per square foot and T is the absolute temperature. R is 
the gas constant which, for air, equals 53.3. The pressure of the atmos¬ 
phere at an average elevation equals 14.3 psi abs. With this value 
for pressure, the density becomes q — 38.6/7’, for air, and the draft, 
both columns being air, becomes 

Draft (m. of water) = ^^ 3 " jr) » 

If the hot column consists of stack gases, with a specific gravity of mi 
referred to air, the draft is 7.43(l/7’e — wx/Tk)H in. of water. 

If the equation for draft is to take care of variations of atmospheric 
pressure, either with altitude or with the weather, it becomes 

Draft (in. of water) = 0.255B H (31) 

where B is the actual barometer reading in inches of mercury. 

In Fig. 295, the solid line shows the draft, for a colmnn 100 ft high 
and for cold air at 60 F, as a function of the temperature of the hot air. 
If the temperature in the hot column varies, the average temperature 
determines the draft. If the hot column contains products of combus¬ 
tion instead of air, a correction should be applied, because CO 2 is 
heavier than air and H 2 O is lighter than air. The dotted line in 
Fig. 295 gives the draft, if the fuel is pure carbon and if perfect and 
complete combustion is attained. Most fuels are hydrocarbons, the 
combustion of which produces water vapor in addition to CO 2 'Hie 
water vapor counteracts the effect of the greater density of the COj; 
accordingly the deviation from the solid line is very small. When the 
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fuel contains much hydrogen or methane, the draft may be more than 
for air, as shown by the dot-dash curve for coke-oven gas. For any 
barometric pressure B, other than the standard of 29.92 in., the values 
read from the curve are simply multiplied by B/29.92. For stacks, the 
average temperature may be taken as the arithmetical mean between 
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Fig. 295. Stack draft as a function of temperature. 


top and bottom; for regenerators, if the absolute temperature increases 
at a uniform rate from Ti at the bottom to at the top (degrees 
absolute), the effective average temperature (absolute) is 


^ Tt - Ti 
ln(T2/Ti) 


(32) 


If the hot column be closed at the top and open at the bottom, the 
draft appears as an excess pressure in the hot column, that excess 
pressure being greatest at the top. If the hot column be closed at the 
bottom and open at the top, then atmospheric pressure will exist at the 
top, but pressure less than atmospheric (draft) will exist at the bottom 
of the column. If the temperature of the hot column be maintained 
constant with time, if the hot column be open at both ends, and a 
resistance be offered to flow, as, for instance, by means of the orifice 1 
in Fig. 296, then the draft establishes a flow through the column in 
such a manner that the draft is balanced by the resistance to flow, 
which is the sum of all velocity heads plus friction heads. 
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If the orifice 1 be quite small in diameter compared to the column, 
all the draft is converted into velocity head in the orifice. Draftj 
velocity head, and density of gas flowing through the orifice are cor¬ 
related by the equation* 


Draft loss (in. of water) 


(Velocity)^ 

335 X Specific volume 


(33) 


in which the velocity is expressed in feet per second and the specific 
volume in cubic feet per pound. (This equation refers to the actually 


Fiff. 296. Orifice at base of stack. 


W 




obtained maximum velocity in the contracted vein.) For air, the 
equation becomesf 

nil 

Draftloss^ (34) 

{T + 460) 

This relation is graphically expressed by the charts (Figs. 297 and 
298). For any gas other than air, the pressure drop is proportional to 
the specific gravity. 

If the diameter of orifice 1 be such that it cannot be called very small 
compared to the diameter of the column, friction in the column be¬ 
comes a factor. The pressure loss by friction in a round pipe is com¬ 
monly expressed by the formula: 

Pi - P2 = (35) 

where pi — Pz — pressure loss, inches of water; / = a friction coeflS- 
cient; L — length of pipe, feet; D ■= diameter of pipe, feet; c -- aver- 

62.3 X 2g 
12 

14.3 X 144 X 12 


•336 - 
10.118 


63 X 20 X 62.3 
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age velocity of flow, feet per second; q = density, pounds per cubic 
foot ** 1/v 1/specific volume. 



Fig, 297. Relationship of velocity, specific volume, and draft loss for high 
velocities. 



Fig. 298. Relationship of velocity, specific volume, and draft loss for low 
velocities. 


For average conditions of turbulent flow, equation 35 is commonly 
written in this form 


Pi - P2 = 


Lc^q 

13,300Z> 


in. of water 


(36) 
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if D is expressed in feet, or 


pi - P2 


Lc^q 

lllOZ) 


(37) 


if D is expressed in inches. 

If the ducts are extremely rough, the pressure drop may be up to 
45 per cent greater than the value furnished by equation 36. And, if 
the ducts are very smooth, the pressure loss may be as much as 30 per 
cent lower than the value obtained from equation 36. Compare the 
right-hand section of Fig. 300. 

In furnace work, round ducts are seldom encoimtered, except in 
stacks. The pressure loss in a rectangular duct is given by the equation 


Pi = P 2 = fLqc^ i 0 (^®) 

In this equation, D and h are the sides of a rectangle. 

Although equation 35, making use of a constant coefficient of fric¬ 
tion, has been widely applied, such use leads to errors of considerable 
magnitude under some conditions. If the formula is to hold over a 
wide range, the coefficient / cannot be taken as constant but must vary 
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Fig. 299. Kinematic viscosity of air and other gases, at atmospheric pressure. 
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with the expression cD/u, where c and D have the same meaning and 
units as previously and where u is the kinematic viscosity of the gas 
in square feet per second. Tables of viscosity are not readily avail¬ 
able, and those that have been published are usually given without the 
units. To remedy this condition, Fig. 299 is offered; it gives the kine¬ 
matic viscosity of air and other gases at atmospheric pressure as a 
function of the temperature. In a mixture of gases, the viscosity does 
not vary in direct proportion to the percentages of the components; if 
these have nearly the same density, the viscosity of the mixture may 
be greater than that of any of the components. For flue gases, the 
viscosity is very nearly the same as for air. For fuel-gas mixtures 
^containing much hydrogen, the kinematic viscosity does not increase 
in proportion; it may be taken roughly as equal to (viscosity of heavy 
gas that is present in greatest percentage) X (ratio of specific volume 
of mixture to specific volume of heavy gas). 

Figure 300 gives the variation of the friction coeflScient (in equation 



Pi — P 2 *=* pressure drop, inches of water. 

L = pipe length, feet. 

D *= diameter of circular pipe, feet, or hydraulic diameter 
of any duct, feet. 
c == velocity, feet per second. 
q density of fluid, pounds per cubic foot. 
u «= kinematic viscosity, square feet per second. 

/ «= frictional resistance of coefficient, from curves. 


Roughness ratio - average height of projections in walls of ducts 

diameter of duct 


Broken-line curve marked '^McAdams’’ applies to commercial iron or steel pipes. 
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35) as a function of the term cD/u, and for several different degrees 
of roughness of the pipe or duct. Carefully conducted tests of friction 
losses of hot gases in brick-lined ducts are not available, but from ver^ 
convincing reasoning in the theory of the flow of fluids it follows that 
the coefficients must lie among the curves of Fig. 300. I'he ''rough¬ 
ness ratio’’ marked on the curves means the ratio of the average height 
of the waves or projections in the walls to the diameter or width of the 
pipe or duct. Fairly smooth walls corresponding to brickwork that 
has been laid evenly and has been brush-coated with a cement would 
have a roughness ratio of about 0.004. For medium-rough walls, cor¬ 
responding to brickwork that has been laid.evenly without such coat¬ 
ing, the ratio may be taken as 0.010, whereas, for brickwork that has 
been unevenly laid, or brickwork that is coated with slag waves, the 
roughness ratio may be as high as 0.04. It must also be noted that a 
given amount of unevenness of surface in a large duct corresponds to 
a smoother pipe than it does in a small duct, because roughness is 
measured by the ratio of depth of projections to diameter of duct. 

For values of cD/u less than 50,000, the coefficient of friction varies 
considerably. When cD/u is less than 2000 (abstract number) the 
stream lines become parallel, and no turbulence exists. The pressure 
drop in this region is proportional to the first power of the velocity. 
In order to make equation 35 apply to this region also, the coefficient 
of friction is made to rise rapidly with diminishing cD/u, 


Example. A brick-lined stack, 70 ft high, and 27 in. inside diameter, 
carries off flue gases having 1400 F temperature at the bottom of the stack 
and 1200 F at the top of the stack. The stack damper is almost closed at 
the top, being raised only 1 in. from its seat. If there is no resistance between 
furnace and stack, how much flue gas passes up the stack in 1 min? 

The density of the mixture of flue gases will be taken as equal to that of air. 

Average temperature in stack = 1300 F 


Area of cross section 


i(i)’ 


3.98 sq ft 


A XU u j X X 27 in. X 1 in. . 

Area through damper-- = 0.59 sq ft 

144 


Taking 0.62 as the coefficient of discharge, 

x> t* through damper, ci _ 3.98 / 1200 -f 460 \ _ , ^ « 

^ velocity in stack, C 2 0.59 X 0.62 \1300 + 460/ 


(a) Draft required for producing velocity through damper 

1 ^ + 400 - 
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(6) Draft required for overcoming friction in stack 


or, 


/ 



since q = 


39.7 

r + 460 ’ 


^ TO 39^ 
•' 2.25 1300 + 460 


X C2^ = 0.701/02® 


(c) Draft produced by buoyancy (gases of same density as air) 

= 0.255 X 29.92 in. mercury X 70 ft X - 1300 + 46o) 

= 0.723 in. of water 


Equating c to a plus h gives 

0.723 = 0.000071 X (10.2c2)2 + 0.701/- ( 02 )^ 

Taking ci = 100 as a trial value, and C 2 = = 9.8 

xKJ.Z 


u (from Fig. 299) = 0.0012 and ^ = 0001^x^2 “ 

From Fig. 300, taking values intermediate between the curves for roughness 
ratios of 0.008 and 0.016, 

/ = 1.05 X 10-^ 

0.723 = 0.000071 X (100)® + ^ X (9.S)2 

1U,UUU 

0.723 = 0.710 + 0.0071 = 0.717 
The trial velocity is thus shown to be practically correct. 

Quantity = 3.98 sq ft X 9.8 fps X 60 = 2340 cfm at 1300 F 
39 7 

Weight = 2340 X — = 52.8 lb per min 


Caution is necessary, if equation 35 is to be applied to the flow of 
gases through a furnace interior. In the flow of gases through a fur¬ 
nace of the type illustrated in Fig. 301, the wavy roof causes so much 
turbulence that the coefficient of friction is very great. And the billets 
lying on the hearth are more or less crooked, which fact also contrib¬ 
utes to increasing the coefficient of friction. If the gas flow fills the 
cross section of such a furnace, the pressure drop may be twice to five 
times as high as any value found from equation 35, depending on 
conditions. 

In many other furnaces, the gas flow does not fill the cross section of 
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the heating space but only the upper portion. The stock is almost 
wholly heated by radiation. In such a case, friction between gases 
and solid walls is limited to the roof and the upper^sections of the side- 
walls. Calculation then follows the same rules that are used for flow 
of water in open channels. However, the problem is more complicated, 
because density and velocity change continually. 



Fig. 301. Typical roof construction for a wide continuous-heating furnace, 
showing a spring-loaded tie rod. 

For these and other special cases, some experimenters have derived 
special equations. As a rule, density, velocity, and linear dimensions 
enter their equations with fractional exponents. Such equations are 
useful for a very narrow range of conditions only, and for conditions 
that are almost identical with those under which the tests were con¬ 
ducted. 

Overly great accuracy in determining the frictional pressure drop 
in straight ducts is out of place in furnace work. Neither the rate 
of flow nor the gas temperature nor the relative roughness is accurately 
known. And furthermore, the sum of the pressure drops at bends, 
enlargements, and contractions of section, and through valves almost 
always exceeds by far the drop due to friction in the straight sections 
of ducts. These other losses are expressed either as fractions (or mul¬ 
tiples) of the velocity head or else as pressure drop through an addi¬ 
tional length of duct. Expressing the pressure drop by means of the 
velocity head is very convenient, because, by means of the charts 
(Figs. 297 and 298), the velocity head is quickly converted into 
pressure drop or draft loss, expressed in inches of water. 

The method of expressing pressure drops through bends etc. as 
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equivalent to an additional length of duct is conunon in those branches 
of engineering that employ circular sections (that is to say, pipes) 
for conducting fluids. In consequence, tests on equivalent lengths are 
limited to circular sections. Items 1 and 2 in Fig. 302 and also Figs. 




Fig. 302. Loss of pressure or draft at various changes of section in ducts. 
k = pressure drop as a multiple of velocity head 

303 and 304 indicate that the pressure drops for round and square 
sections differ. For that reason, equivalent lengths of pipe are not 
given here. They are found in any engineering handbook. 

The factors applying to various shapes of duct and forms of section 
change arc shown in Fig. 302.* For right-angle bends in rectangular 
ducts, the loss is less than in square ducts if the short axis of the cross 
section is in the plane of turning (Fig. 302, 6) and greater than for the 
square if the long axis of the rectangle is in the plane of turning; the 
factors of Fig. 302,1 are therefore to be multiplied by correction factors 
as in Fig. 305, for rectangular ducts. If the bends are rounded instead 
of sharp-cornered—i.e., elbows, as in Fig. 302, 5 and 6—the loss factors 

♦Wirt, General Electric Review, June 1927; Nippert, Forschungarbeiten Ver~ 
dues deutscher Ingenieure, 1929, Heft 320; Heil, Archiv fiir dan Eifienhuttenwesen, 
Volume 12, 1928, page 729; authors* tests. 
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fifth edition. The abscissae of Figs. 303 and 304 can be converted 
into each other by the relation 

Mean radius _ r + R _ r/R + 1 

Width of duct 2{R — r) 2(1 — r/R) 

The length of straight duct beyond the 90-degree elbow and the loca¬ 
tion of the pressure taps affect the test results. 

On account of the added expense in bricklaying, masonry elbows 
with curved walls are comparatively rare. 



ffctiC of Sidoom ^ 


Fig. 305. Relation of loss at bends in rec¬ 
tangular ducts to loss at bends in square ducts. 


In a contraction of section such as 11 of Fig. 302, the loss depends 
on the area ratio A 2 /A 1 and on the sharpness (or rounding) of the 
edges at the entrance. For sharp edges, the pressure drop (ft head) 
is commonly given to equal kc 2 ^/ 2 gj where k varies with the area 
ratio, in the manner indicated by the following tabulation: 

A 2 /A 1 0.9 0.8 0.7 0.6 0.5 

k 0.075 0.15 0.22 0.26 0.30 

If the entrance corners are roimded, for instance by the use of door¬ 
jamb bricks, the pressure drop is smaller. If the contraction occurs in 
a converging passage as at 13, the pressure drop varies with the in¬ 
cluded angle, but for usual proportions it is 1.4 times the difference 
between the final and initial (exit and entrance) velocity heads. Where 
the gas flow enters an enlarged section as at 12, the loss of head (ft) 

is commonly computed from the expression | 1 -- -- ^ . No rational 

explanation exists for this formula; however, it agrees satisfactorily 
with test results. If the sudden enlargement is followed by a sufii- 
ciently long straight duct of constant cross section, roughly 40 per cent 
of the pressure drop is recovered. In a diverging passage, such as at 
14, there occur both a recovery of pressure (Bernoulli’s theorem) and 
a drop of pressure (caused by surface friction). For included angles 
of 4 or 5 degrees, and for very smooth walls, the pressure rise may 
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reach 80 per cent of the difference of the velocity heads. Fan-tail 
arches in regenerative furnaces are an example of converging and 
diverging flow. 

The drop of pressure in saucer valves, such as 15, is shown in 
Fig. 306. 

The draft loss through a series of resistances, such as a port, flues, 
and stack with several bends, is found as the sum of the individual 
losses. An example is given under “Flues and Stacks.” 


Fig. 306. Loss of pressure and coefficient of 
discharge for saucer valves. 





■ 

■ 





■ 


■ 




■ 

■ 





■ 






■ 

■ 





■ 






m 

■ 





m 






m 

■ 





Si 






n 

■ 





■ 



1 


11 

■ 





■ 




m 

■ 





■ 



mWtSnSMnin 

■ 





■ 






m 

m 











■ 

a 





ipj 


■ 




■ 

w 









■ 

B 





s 




K 

■ 


i 




la 

m 

■ 


IK. 

LXJ 


1 

i 

lx: 

! 

LJU 

! 

LIZ 

zm 


Hati9 at lift tsOamalertrsfSiiln ^ ^ 


If a current of air, or fluid, such as is caused by the products of com¬ 
bustion of gas or oil burners, passes through space, it gathers onto itself 
particles of the surrounding fluid, imparting velocity to them by vis¬ 
cous drag. The main stream slows down in such a manner that the 
product of moving mass and velocity remains approximately constant. 
The total angle of the cone that envelops the moving mass varies with 
the initial velocity of the jet. In cold air, it is about 16 degrees for 
slow jets (10 fps), increasing gradually to about 25 degrees for jets 
traveling at more than 1000 fps. When a jet of cold air induces hot 
air or combustion gases, the jet expands at greater angles than in cold 
air. By these statements, the movement of the jet is sufficiently well 
defined for practical purposes, but the following additional statements 
will also be of interest: The velocity at the edge of the jet equals sero, 
and the velocity at the center is approximately equal to twice the 
average velocity. 

In the application of these rules to furnace jets, care must be taken 
to apply them only to currents in which combustion has been com¬ 
pleted, because changes of specific volmne due to combustion affect 
the result considerably. 
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The theory of jet induction is further discussed on pages 416-416. 
Applications are given in the second volume. 

If a gas or air current passes along a furnace wall or along the sur¬ 
faces of the stock, it is retarded by both viscosity and turbulence. 
The retardation due to turbulence grows with the roughness of the 
surface of the wall. No tests of the effects of furnace walls on circula¬ 
tion are available, as far as the authors know. In dealing with this 
problem, engineers must, at least for the present, rely on experience 
and judgment rather than on mathematical derivations. Judicious 
application of the laws of the flow of water in a wide, shallow channel 
may be of assistance. 

For completeness, the gain in pressure by deceleration or slowing 
down of the flow should be mentioned. In passing through a regenera¬ 
tor, or in moving upward through a tall stack, the gases decrease in 
temperature and therefore move more slowly. This is equivalent to 
a gradual enlargement of the cross section, as in a Venturi tube, for 
flow at constant temperature; consequently, some of the kinetic energy 
is transformed into pressure energy. The maximum amount of pressure 
regainable in a frictionless tube corresponds to the difference of the 
velocity heads (Fig. 298) between the initial and final velocities. The 
recovery of pressure due to this cause is so very small, however, in 
comparison to the frictional pressure drop, that in the majority of 
practical cases it is neglected. 


2, FURNACE PRESSURE; SIZE 
AND LOCATION OF PORTS 

In connection with the pressure conditions in furnaces, two impor¬ 
tant rules must be observed. They are as follows: 

1. In the heating of metals, the pressure in the heating chamber 
must be atmospheric, or only very slightly in excess of atmospheric, 
at all rates of heating. 

2. The lower the temperature to which the material is to be heated, 
the greater is the necessity for thorough circulation of the gases in 
the heating chamber, especially if piled or coiled material is to be 
heated rapidly and uniformly. 

The justification of these rules, their explanation, and their applica¬ 
tion are an important part of the present chapter. 

The reason why pressure in the heating chamber must, for correct 
operation, be practically atmospheric is obvious. If it were much 
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greater than atmospheric, flame or hot gases wojfld burst out of all 
openings, and, if it were smaller, air would be drawn in through the 
doors, and the material would be oxidized and scaled. It should, how¬ 
ever, be mentioned that air in the heating chamber is not injurious, if 
ceramic ware is being heated. 

In a tall furnace, it is impossible to have atmospheric pressure at all 
levels, because the furnace forms a chimney or stack (column of hot 
gases). Evidently, there must be a difference between atmosphere 
and furnace pressure at some level of the furnace; and the question is, 
“How should that pressure difference be distributed?” For the purpose 
of preventing the entrance of air, furnace pressure is almost invariably 
in excess of atmospheric pressure from the hearth up, the excess at the 
hearth being as little as 1/200 in. of water pressure, while the excess 
pressure at the crown of the arch is much greater, depending on height 
and temperature of the furnace. Furnace operators test the furnace 
pressure that prevails near the hearth by watching for a “stinger” 
of flame or hot gas issuing from an observation hole in a furnace 
door. Fine dust dropped in front of the door opening intensifies the 
indication. 

The desirable condition of carrying a small excess pressme at the 
level of the hearth is easily maintained if the products of combustion 
leave near the hearth. This arrangement has the advantage that rela¬ 
tively cool products of combustion lying on the charge are swept out 
through the vent. The fiow of gases in a furnace equipped with burners 
near the roof and with vents near the hearth is illustrated by Fig. 307. 
With this arrangement, the flame (or heat) licks the hearth. The 
U-shaped travel of the products of combustion gives time for the 
products to give up their heat and to leave with but little excess 
temperatmre. 

If the products of combustion leave through the roof, and if the 
burners are located above the heating stock, the products of combus¬ 
tion leave the furnace while still burning and without having time to 
give up their heat to the charge. If the vent-opening is large enough 
for high fire, it is too large for average firing. A slight vacuum is 
generated in the furnace, and cold air leaks in; this condition would 
be very severe in tall furnaces that carry high temperatures. Vents in 
the roof are avoided in such furnaces. 

In certain underfired furnaces carrying temperatures between 1300 
and 1700 F, vents in the roof are correct engineering. From earlier 
chapters it is known that, in the 1300 to 1700 F temperature range, 
radiation is weak and must be supplemented by convection for the pur¬ 
pose of increasing heat transfer and temperature uniformity. Figure 
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308, which is similar to Fig. 7, indicates how this goal is reached in 
spite of a roof-vent. The jet of flame coming from a burner inspirates 
cooler products of combustion and circulates a tempered flame over 
the charge. With either design (Figs. 307 or 308) correct furnace 



Fig. 307. Location of vent near 
hearth. 


pressure is maintained either by an automatic damper, Fig. 293, or 
by a manually operated damper, Fig. 288, or, in small furnaces, by a 
brick that adjustably reduces the discharge opening of the vent or flue. 



Fig. 308. Circulation in underfired furnace. 


Method and apparatus for automatic control of furnace pressure are 
discussed in the fourth edition of Volume II. 

Every flue is a stack that draws cold air into the furnace whenever 
a furnace door is opened, unless a damper enters into action simulta¬ 
neously. The entering air is made harmless if the vent is located close 
to the door, because in that case the air is short-circuited through the 
vent into the flue. 
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For the sake of temperature uniformity, long furnaces of the batch 
type have a plurality of vents and flues. The artifice of locating a 
vent near the door cannot be used in such a furnace. Automatic con¬ 
trol of furnace pressure, with a damper on each flue, is complicated 
and expensive. For that reason, ingenious furnace engineers have 
devised means for semi-automatic control. Two of these means are 
worthy of mention: One consists in providing a small, adjustable 
opening at the foot of each flue, outside the furnace. The other means 
consists in constructing the flues of very thin firebricks. The purpose 
of each artifice is the same, namely, to produce less draft at low rates 
of firing than is produced when the furnace is fired to capacity. 

For the purpose of making vents and flues slightly oversized, the 
dimensions that are needed for maximum rate of firing must be deter¬ 
mined. The required dimensions are a function of volume and tem¬ 
perature of products of combustion flowing in unit time and of the 
permissible drop of pressure. For a given furnace, hourly weight (and 
volume) of products of combustion is found from Chapters 3 (furnace 
capacity) and 5 (fuel economy). 

In these calculations, the following fact is helpful: The release 
of a given number of heat units results in an almost constant weight 
of products of combustion, regardless of the type of fuel (with the 
exception of blast-furnace gas). In consequence, the volume of flue 
gases passing through vents and flues in unit time is known with suffi¬ 
cient accuracy, if the Btu^s released in unit time and the temperature 
of the flue gases are known. Roughly, the release of 100 Btu produces 
1 cu ft of products of combustion, referred to atmospheric pressure 
and room temperature. The rest of the calculation coincides with that 
given in the next paragraphs, which are based on the material heated 
on the hearth in unit time. 

Very few furnaces heat more than 100 lb of steel per (sq ft, hr), 60 lb 
per (sq ft, hr) being considered a good rate, whereas underfired fur¬ 
naces seldom heat more than 35 lb.* These figures, as well as the fol¬ 
lowing derivations, apply only to furnaces of the ^^in-and-out,” or 
batch, type. 

The heat requirement of the steel, per hour, is easily found from 
this rate and from the heat content per pound (see Fig. 27). It ap¬ 
proximately equals 160 Btu per lb at 1200 F, 250 Btu per lb at 1600 F, 

* It should again be noted that the method of rating the capacity of a furnace 
in pounds of steel per square foot of hearth and hour is very crude and that it is 
useful for quick approximations only. The method of loading the furnace, shape 
of pieces being heated, and uniformity of temperature in stock affect the rate of 
heating, as was explained in Chapter 2. 
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and 360 Btu per lb at 2200 F. On the basis of the very high rate of 
100 lb per sq ft and hr, these figures correspond to 16,000, 25,000, and 
36,000 Btu per (sq ft, hr). Radiation losses and convection losses 
usually equal 15 per cent of these values, except in underfired furnaces, 
in which the losses reach 20 per cent, or even a little more. If the 
ratio of the heat given off in the furnace by the gases to the total heat 
value of the fuel is called the gas efficiency, then the latter equals about 
44 per cent for 2200 F furnaces, 59 per cent for 1600 F furnaces, and 
69 per cent for 1200 F furnaces. Hence, the heat consumption in the 
fuel will be 1.15 X 16,000/0.69 = 26,700 Btu per (sq ft of hearth, hr), 
for a 1200 F furnace, with corresponding values of 48,700 for a 1600 F 
furnace, and of 94,000 for a 2200 F furnace. To produce 10,000 Btu by 
combustion requires roughly 95 cu ft of air (measured cold). The vol¬ 
ume of the flue gases (referred to the same temperature as that of the 
combustion air) is very little more than that of the air, except in the 
case of blast-furnace gas and producer gas, so that we may figure with 
105 cu ft of flue gas (cold measure) per 10,000 Btu. The ports then 

have to pass jq^qq X 105 X (-^ 2 o- ) “ ^ 

gases per sq ft of hearth and hr for a 1200 F furnace. In the same 
manner, we find 2040 cu ft per hr for 1600 F furnace, and 5000 cu ft 
per hr for a 2200 F furnace. 

From these figures the port and flue sizes are easily calculated, if the 
velocity at which the gases may travel through them is known. That 
velocity is determined by the resistance that ports, flues, and stacks 
offer to the flow. A port which is nothing more than a hole in the roof 
or sidewall offers resistance due to the formation of velocity head only. 
A very short flue can be treated as a port. 

If the pressure in the furnace at the port is not to exceed 0.01 in. of 
water, and if no stack is available to produce a draft, the velocity is 
limited (see Fig. 298) to 11.8 fps at 1200 F, to fps at 1600 F, and 
to 15 fps at 2200 F. These figures refer to the mean velocity at the 
section of highest average velocity (contracted vein. Fig. 309), and 
not to the so-called average velocity. The latter is about 62 per cent 
of the highest velocity, on account of the inertia of the air or gas par¬ 
ticles, as indicated by the arrows 1 in Fig. 309, unless the entrance 
to the port be well rounded. If the gases, instead of issuing through 
a thin-wall opening into the air, pass into a flue (as is usually the case) 
then the so-called average velocity lies in the range between 62 and 
85 per cent of the average velocity at that contracted vein, according 
to local conditions. 
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The figures of this paragraph prove convincingly that '^holes in the 
wair' must be quite large if they are to take care of the products of 
combustion. To make them smaller, and also to protect furnace 
attendants from heat issuing at hearth level from the furnace, short 
vertical fiues are connected to the ports. By bearing in mind the 
facts given in the beginning of this chapter, it is possible to calculate 


Fig. 309. Contracted vein in sharp- 
edged ports. 



the dimensions of ports and flues in such a manner that draft plus 
furnace pressure will just be balanced by the resistance of ports and 
flues. A knowledge of these facts will also make it easy to understand 
the following calculation for determining those velocities through ports 
and flues which are to be used under different conditions. 

The static, or **no-flow,” draft produced by a stack H ft high, with an 
average temperature of T F of the stack gases, when the temperature of 
the outside air is 60 F, barometer 29.92 in., may be expressed by the 

formula 0.01467tf in. of water, or it may be taken 

from the chart (Fig. 295). In the above expression, qg/qa is the ratio 
of density of flue gas to density of air at the same temperature and 
pressure. 

The draft loss caused by friction in a stack and flue of constant 


cross section is 




119.1 X/XS XL Xc2 


in. of water, if A — 


qa A{T + m) 

free cross-sectional area of the duct in square inches; B is the perim¬ 
eter, or the circumference of the passage, in inches; L is the length of 
flue plus stack in feet; c is the velocity of the gases in feet per second; 
and / is a frictional resistance coeflSicient of which the values are shown 
in Fig. 300. 
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The velocity head (taking care of the coefficient of contraction) is 

“ ^ of water. The added resistance caused by a 

qa {T + 460) 0.195c2 

sharp right-angle bend in a square duct is ^ X \ in. of water 

Qa {T + 460) 

(see also Figs. 303 and 304). 

In preparing Table 22, the length L was taken as 120 per cent of 


TABLE 22. Velocities in Flues 


Temperature in Stack, T F 

1200 

1600 

2200 

H = height, ft 

3 

8 1 

20 

3 

8 

20 

3 

8 

20 

Size of Flue, in. 

Permissible Velocity in Flue and Stack, fps 

4HX 41^ 

13.9 

18.0 

22.8 

15.8 

20.7 

26.4 

18.3 

24.1 

30.7 

4H X 9 

14.1 

18.6 

24.5 

16.1 

21.5 

28.3 

18.7 

25.2 

33.0 

9X9 

14.4 

19.4 

26.4 

16.4 

22.4 

30.5 

19.1 

26.2 

35.8 

18 X 18 

14.6 

20.2 

28.6 

16.7 

23.3 

33.0 

19.4 

27.3 

38.9 


the height H. The pressure in the furnace was taken as 0.02 in. of 
water. The ratio qg/qa was taken as unity. Balancing the available 
draft against the sum of all losses or resistances gives the equation 


/ 520 \ 


{T + 460) 


(«. 


184 + 0.195 + 


119.1/B X 


1 . 2 ^ ^ 


or 

0.01467^ 


/ 520 \ 

I 1-) + 0.02 

\ r + 460/ 


{T + 460) 


(o.: 


379 + 142.9 X 




(39) 


To solve this equation directly for c, it would be necessary to assume 
a constant value for /. However, / is not quite constant, which fact 
makes the calculation more tedious. Table 22 was computed on the 
basis of the coefficients shown in Fig. 300. 

The tabulation is very instructive. It shows that, for a very small 
furnace (low flue, small cross section) and for low temperatures, the 
velocity through the flues and ports must be low (14 fps), if excessive 
furnace pressure is to be avoided. It also shows that in large furnaces 
with high temperature, velocities up to 40 fps are permissible. 
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In view of these results it appears almost hopeless to formulate a 
simple rule for port sizes that is applicable to all furnaces. However,, 
for quick estimates, and for “sell-across-the-coimter-for-any-purpose” 
furnaces, the following reasoning will be helpful. From the tabulation, 
it follows that velocities of 19, 23, and 27 fps are good averages for 
furnaces of 1200 F, 1600 F, and 2200 F, respectively. On that basis, 
the following results are obtained. 


Furnace temperature, F 

1200 

1600 

2200 

Port area (also flue area), sq in. per 



5000* X 144 

sq ft of hearth (heating steel) 

19 X 3600 
= 2.0 

23 X 3600 
= 3.5 

27 X 3600 
= 7.4 


* The numbers 900, 2040, and 5000 represent cubic feet of hot gases per 
(hr, sq ft of hearth area), as calculated on page 384. 


These figures are necessarily approximate. In practice, deviations are 
found, both up and down. They are partly caused by the practice of 
making ports and flues equal to multiples of brick sizes. Furthermore, 
the port areas were based on a rate of heating of 100 lb per (sq ft, hr). 
This rate is high, especially for low-temperature furnaces. As a matter 
of fact, it is diflScult to heat more than 40 lb of steel per (sq ft, hr) to 
1200 F. However, a furnace that was sold to be operated at a low 
temperature is quite often operated at a higher temperature, owing to a 
change in business conditions. For that reason, the flue sizes figured on 
the basis of the high rate are none too large for all-round furnaces, 
and, as before stated, a damper or a tile partly covering the flue will 
quickly rectify any error due to an excessively large flue. 

It must again be emphasized that the values of the table for unit 
port areas are average figures, for non-regenerative and non-recupera- 
tive “in-and-out” furnaces of 40 to 70 sq ft hearth area. In smaller 
furnaces, the ratio of port area to hearth area must be larger; for large 
furnaces it can be smaller. The values apply for fuel of high calorific 
power. For the generation of a given quantity of heat, the products 
of combustion of producer gas exceed those of rich fuels by 25 per cent. 
For blast-furnace gas, the excess is 60 per cent. The size of ports and 
flues must be increased correspondingly. If a fuel that deposits fly-ash 
is used, the horizontal flues are made even larger, to allow for gradual 
filling up with ashes, and clean-out doors are provided. 

If a large part of the products of combustion escapes through con¬ 
stantly open doors, the flue openings are made smaller than indicated 
in tile tabulation. All the products of combustion from some forge 
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furnaces and bolt-heading furnaces are purposely forced out through 
the slot in which the heating stock lies. 

Rules for general proportions of sizes of vents and flues are not ap¬ 
plicable to continuous furnaces. This type of furnace was introduced 
because it saves labor. So far as fuel economy is concerned, continu¬ 
ous furnaces of all types can be designed to be economical or else to 
be wasteful. In some continuous furnaces, fuel economy is obtained 
by heat salvage in recuperators or even in regenerators. Evidently, 
the multiplicity of design is so great that each type and rate of heating 
requires a separate calculation. Fuel consumption, rate of flow of 
products of combustion, and the temperature at which they leave the 
furnace are determined either by calculation or by comparison with 
an existing, similar furnace. The calculation is then carried on as 
given below under ^Tlues and Stacks.’’ 


3. FLUES AND STACKS 

The statement was made in the preceding section that gas- or oilfired 
furnaces need no stacks, but only short flues, as far as their operation 
is concerned. The products of combustion are discharged from the 
short flues into the workroom. If their presence is objectionable, a 
hood, or canopy, with a vent through the roof, is the remedy. Stacks 
are needed on regenerative furnaces, no matter what the fuel may be 
(see section 4), and also on many recuperative furnaces. 

Coalfired furnaces of any type whatsoever (including furnaces fired 
with raw producer gas) discharge objectionable, smoky, and sulfurous 
products of combustion, which are usually delivered through stacks. 
At the risk of becoming wearisome, the authors wish to state again 
that there must be a slight pressure in the furnace, and that, in heating- 
furnace work, the stack has no other function than to carry off the 
products of combustion. Only a very small fraction of its draft-pro¬ 
ducing capacity is needed. In consequence, the stack can be of any 
height, so long as it reaches through the roof and is carried sufficiently 
high above the surrounding buildings to prevent back drafts or eddies 
from blowing down into it. The necessity of carrying stacks above the 
surrounding buildings makes them, with hardly any exceptions, much 
too high; too much draft is provided, and a damper must be used to 
counteract the excess draft. On most furnaces, stacks are not only 
too tall but also too large, for the following reasons: As a protection 
for the steel shell, a 4%-in. brick lining must be used in stacks serving 
industrial furnaces. As a rule, bricklayers cannot work in vertical steel 
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shells of less than 36-in. diameter. Occasionally; a 30-in.-diameter 
stack is foimd, but it requires a “narrow-gage” bricklayer to line it. ‘ 
In this respect, a stack differs from a horizontal flue. A bricklayer 
can lie in a flue, and can work himself away from the lining, but the 
same scheme will not work on a stack. The circumstance that the 
stack must have a certain minimum height and a certain minimum 
diameter relieves engineers of the necessity of determining its size, 
except for large furnaces. For such furnaces, the stack dimensions 
should be determined by calculation in each individual case. For 
quick estimates, the following rule may be of value. Make the cross- 
sectional area of the stack (inside of the lining) equal to approximately 
60 per cent of the sum of the exhaust ports or flues, provided that the 
latter were properly proportioned. This reduction is permissible, flrst, 
because the gases cool down on their way, and second, because one 
large duct of a given cross section offers less frictional resistance than 
many small ducts of the same cross-sectional area. 

In those cases where a stack calculation is required, the method of 
calculation must necessarily vary with local conditions. The stack 
may be located at some distance from the furnace; it may serve several 
furnaces; there may be descending and ascending flues; there may be a 
waste-heat boiler in the flue; or there may be other variations. It is 
clearly impossible to consider all these cases in the present volume, 
but an example will serve to illustrate the general method. 

Example. It is required to compute the height of the stack that is neces¬ 
sary to produce sufficient draft for the furnace and flue layout shown in 
Fig. 310, and to check the diameter there shown. The flue lies deep under¬ 
ground, as it has to pass under a foundation. It should be noted that, with 
this arrangement, a door must be provided at the base of the stack; otherwise 
the furnace could not be put into normal operation. A fire is lighted at the 
base of the stack, and draft, which is necessary for starting combustion in the 
furnace itself, is thus produced. 

With regard to draft losses caused by friction, the arrangement may be 
divided into three parts: (a) the two vertical flues 9 by 13 in. inside, 12 ft 
long, including the short section at the bottom; (6) the 21-by-26 in. (average) 
flue, 60 ft long, part vertical and part horizontal, and (c) the stack itself. 

The equations to be used for the draft losses or resistances are those given 
on pages 369 and 385, with coefficients as in Figs. 300 and 302. 

Draft produced by the buoyancy of a vertical column of hot gases, H ft high, 
at average temperature T F outside air 60 F, barometer 29.92 in., is 

[* - ,.(r+^ )] “• »* 

Qo/Qa being the ratio of density of the gas to the density of the air. (The coeffi¬ 
cient 0.0147 enters the equation on page 367 by substitution of 29.92 in. for 
barometer and 60 F for temperature of atmosphere.) The probable temper- 
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ature at various places in the flues must first be determined. This can be 
done (1) by finding the heat loss through the brick walls of the flue from the 
chart of Fig. 86, and from the heat-transmitting area of the walls; and (2) by 
finding the heat lost by the weight of gases that pass through the flue, in 
dropping from the temperature at the beginning to the assumed (or trial) 
temperature at the end (or at any other point of the flue). If the two heat 



Fig. 310. System of furnace and flues serving as example for stack calculation. 

quantities are equal, the trial temperature is correct. The temperatures 
indicated in Fig. 310 have been checked in this way. 

Heat loss from an underground flue, at considerable depth below ground, is 
not more than one-fourth of that from a flue above ground (unless the ground 
is wet). 

The furnace is coalfired, is used for annealing, and heats 65 lb of steel per 
(sq ft of hearth area, hr), to 1550 F. 

55 sq ft hearth area X 65 lb per (sq ft, hr) = 3575 lb, steel heated per hr 

From Fig. 27, the heat required to raise 1 lb of steel from 60 to 1550 F is 
253 Btu. 

Heat loss from furnace walls, through openings, etc., = 33% of heat in steel. 
This loss may be determined by the methods of Chapter III. 

133% X 3575 X 253 = 1,203,000 Btu per hr 

heat given up by gases in the furnace. With 40 per cent excess air (coal firing), 
the sensible heat in gases leaving the furnace at 1600 F, from Fig. 110, is 

4400 + 0.40 X 3800 = 5920 Btu per lb of coal 
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Incomplete combustion loss (1% CO + 1% H 2 ) * 800 Btu per lb 
Lower heating value = 12,128 Btu per lb of coal ' 


Fuel consumption 


1,203,000 

(12,128 - 5920 - 800) 


222 lb coal per hr’'* 


The flue gases consist of 2.61 lb CO 2 , 0.45 lb H 2 O, 7.34 lb N 2 , and 3.81 lb air 
per lb of coal. At 1600 F, the volume per pound of coal is 717 cu ft, and at 
60 F it is 181 cu ft; the density of the flue gas mixture = 0.0199 pcf, or 
1.03 times that of air at the same temperature. 

(a) 9-in. by 13J4-in. flues. L = 12 ft; B = perimeter = (9 + 13H) X 2 
= 45 in.; A = 9 X 13M = 121H sq in. each 


Velocity of gases = 


222 lb coal per hr X 717 cu ft gases per lb coal X 144 
60 X 60 X 2 X 121sq in. 

26.3 fps at 1600 F 


Weight of gases per second = 0.880 lb 


Average temperature in these flues = 1560 F 

Average velocity = 26.3 X + ~ 4^ ) “ 


Friction loss 


= 1.03 X 119.1 X/-|- 


Lc^ 

{T + 460) 


(The coefficient 119.1 enters the equation on page 369 through the elimination 
of density q and substitution for diameter in feet of “hydraulic diameter^^ 
A/B in inches.) 


^ X ^ 

u \2u X B 


4 X 25.8 X 121H sq in. 


12 X 


0.00150 

1.03 


X 45 in. 


16,000 


/ = 1.20 X 10^ from Fig. 300, for roughness ratio of 0.016 


As the viscosity of 0.00150 applies to air, the density ratio 1.03 is used to 
correct u for the flue gas mixture. 

Pressure drop due to friction 

= 1.03 X 119.1 X 1.20 X 10-^ X . X 12 ft X 

121^ sqm. 2020 

= 0.0215 in. water 


Loss due to velocity head = 0.184 X 1.03 X 


(25.8)^ 

2060 


= 0.0610 in. water 


Loss caused by two bends 

=. (1.17 + 0.81) (Fig. 305) X 1.65 (Fig. 303) X 0.118 X 1.03 X 
* 0.1284 in. water 


On account of increased incomplete combustion loss, the actual fuel consump¬ 
tion is frequently 30 per cent in excess of this value. The flue-gas quantity is 
then increased by a similar amount. 
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Draft caused by buoyancy of hot gases in vertical flues 

= 0.1080 in. water 

Pressure in furnace = 0.01 in. water at the hearth 
Pressure at bottom of vertical flue 


0.0147 X 10 ft X ( 1 - 1.03 X 


■ 


520 

2020 


= 0.01 - 0.0215 - 0.0610 - 0.1284 - 0.1080 


= —0.3089 in. water, or actual draft at bottom = 3/10 in. water 

In this case, the buoyancy of the hot-gas column works against the stack 
draft, increasing the draft at the bottom of the flue (if measured by a draft 
gage at that place) 

(6) 21-in. by 26-in. flue. L = 50 ft horizontal + 10 ft vertical = 60 ft; 
A = 546 sq in. B = 94 in. Average temperature = 1370 F 
Average velocity 


^ 22 2 _ X 1 81 X 144 /1 370 J- 46 0 \ ^ 

60 X 60 X 546 sq in. V 60 + 460 / ^ 


cD 

u 




10.4 X 546 


= 16,300 


/ = 1.20 X 10~4 from Fig. 300 
Friction loss 

Q4 flO 4^2 

= 1.03 X 119.1 X 1.20 X 10-4 X ^ X 60 X = 0.0090 in. water 

54o 18oU 

Loss in two bends 

(10 4)2 

= 1.03 X 2 X 1.08 (Fig. 305) X 1.65 (Fig. 303) X 0.118 X 

1 ooU 

= 0.0256 in. water 


Buoyancy of vertical column of gas at 1260 F 

= 0.0147 X lo(^l - 1.03 X = 0.1013 in. water 

In this case the buoyancy helps the stack draft, but does not quite counter¬ 
balance the hotter column of gases in the 9-in. by 13}^-in. flues. Pressure at 
the base of the stack 


= -0.3089 - 0.0090 - 0.0256 + 0.1013 = -0.2422 in. water 


or a little less than 14 in. draft. 

(c) Stack, 27-in. diameter. L = H; A — 573 sq in.; B = 84.7 in. Average 
temperature in stack = 1110 F. 

Average velocity 


c 


546 sq in. 
573 sq in. 


X 10.4 



1110 + 460 
1370 + 460 


) 


= 8.51 fps 
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8.51 X 573 


1 X — X — 
S B 


3 X 5^X85 


19,800 


/ = 1.24 X 10-^ 

Velocity at base of stack 

1200 + 460 
1110 + 460 

Loss in bend at base of stack 


1.03 


X 8.51 == 9.0 fps 


(Q n\2 

= 1.5 (Fig. 302) X 0.118 X = 0.009 


0.0147 (>-1.03 


1660 


85 


(8.51)2 


= 0.2422 + 0.009 + 1.03 X 119.1 X 1.24 X 10-< X ^ X H X , 

o7d 1570 


0.00969H = 0.2512 + O.OOOlOH H = 26.0 ft 


A stack of this height will meet the requirements of the furnace, but a height 
of at least 40 ft will probably be required to clear surrounding buildings. Con¬ 
sequently, the underground flues could be made smaller, the greater friction 
loss being compensated by the increased stack draft. This is not advisable, 
however, because the horizontal flue gradually becomes choked with dust and 
soot, the free opening becomes smaller, and the friction losses are greatly 
increased. If the flues are made so small at the beginning that no excess 
draft is available, then the effect of clogging of the flues cannot be compensated 
for, and the furnace capacity is much reduced. It will be understood that 
the inside diameter of the stack cannot be reduced to less than 27 in. for 
constructional reasons, as explained in the text. A stack damper is needed. 

In the above calculation,* account was taken of the difference in density 
between flue gas and air. The fact that the ratio of densities is so near unity 
confirms the statement previously made that, as a rule, no account need be 
taken of the deviation from air density. 


4. FXOW OF GASES IN REGENERATIVE 
FURNACESt 

The example of the preceding paragraph prepares, in a measure, for 
the calculation of flues and stacks of regenerative furnaces, because it 

♦ For other fuels, the method of calculating diameter and height of stack is the 
same as that used in the example. It is commendable to provide excess dimen¬ 
sions for the stack and to damper off the excess draft, because the stack does not 
operate properly when a cold furnace is started. 

tin this section, no attention is paid to the influence that the method of 
arranging the stock, the regularity of reversals, and the method of mixing fuel 
and air have on flow of gases in the heating chamber and on uniform heating. 
In practice, these features must, of course, be taken into consideration. Although 
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considers a Sue having ascending and descending branches; but the 
latter furnaces are more complex because of the variable temperature 
in the regenerators, their resistance to flow, and the resistance of the 
reversing valves. 

At this point, it is expedient to discuss the movement of subdivided 
streams of a gas, which are either absorbing or giving up heat. The 
rule is that a gas which is being heated must ascend, whereas a gas 
which is being cooled must descend, if uniformity of flow and of change 
of temperature of the different streams is to be attained. For proof 
of this rule, study Fig. 311. 



Fig. 311. Flow of a subdivided gas stream. 


Let the bricks be hot and let gases that rise in the heater absorb 
some of the heat. Suppose that one stream, for instance 1, were to flow 
faster than the rest; then it would absorb more heat and cool the walls 
of that duct more, and the gas which followed, finding cooler walls, 
would absorb less heat, thus rectifying matters. If another stream, 
for instance 2, absorbed heat more slowly than the rest, it would be¬ 
come heavier than the others, less gas would flow through 2, and duct 
2 would not be cooled so rapidly as the rest of them, which means that 
before long its walls would have the same temperature as the others, 
and the flow would be equalized. If, on the other hand, the gases that 
absorbed heat were descending, a stream that absorbed too much heat 
would be hotter than the rest and would flow down very slowly, caus¬ 
ing the particular duct in which it flowed to stay hotter than the rest. 
A stream that did not absorb enough heat, because it passed through 
a colder duct, would be heavier than the rest, would fall faster, would 


comparatively few industrial furnaces (in the meaning of this book) are of the 
regenerative type, all steel-melting and glasa-melting furnaces are equipped with 
regenerators. However, regenerator calculations can, with few modifications, be 
applied to low-lying recuperators. It may again be mentioned that neither 
regenerators nor recuperators were invented for increasing fuel economy, but 
for the purpose of obtaining high flame temperature with lean fuels. 
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cool the duct still more, etc.; in this way the temperature of the various 
ducts would become very unequal. 

It must, however, be understood that upward flow of heat-absorbing 
gases and downward flow of heat-imparting gases do not necessarily 
ensure uniform distribution of flow in the different ducts. Inertia of 
the flowing gas affects the distribution to a considerable extent. If, in 
Fig. 311, the flue 3 be of small size, the momentum of the incoming gas 



Fig. 312. “Fan-tail” entrance to regenerator. 


will carry it toward the extreme left, with the result that the ducts on 
the left will carry most of the ascending gas. The regenerator will be 
cold at the left side and hot at the right side. On regenerators that are 
equipped with peepholes, this uneven temperature distribution can 
be observed quite plainly. The distribution is made more even by 
several expedients. The entering flue may be enlarged by so-called 
^Tan tails” (see Fig. 312, which is a plan view). The angle of diver¬ 
gence should not exceed 20 degrees. Baffles may be provided, as shown 
in dotted lines in Fig. 311. They work well in equalizing the upward 
flow, but they interfere somewhat with the evenness of the downward 
flow. A very low entrance velocity, in combination with large cham¬ 
bers above and below the checkerwork, is the best solution. 

A thorough investigation of the pressure and velocity distribution 
in a given regenerator yields very interesting results, but the mathe¬ 
matical diflSculties are such as to make it inadvisable to give a detailed 
account of such an investigation in this volume. One rule, however, 
may be deduced therefrom, namely, that the flue area, where it joins 
the regenerator chamber, should not be less than one quarter of the 
free cross-sectional area of the checkerwork. The authors realize that 
smaller flues are sometimes used in practice but ascribe that fact to 
lack of foresight on the part of designers. 

Regenerators with horizontal flues are installed every once in a 
while, but invariably they are, in the end, replaced by checkers with 
vertical ducts, because there is an ever-present danger that difference 
in density of hot and cold gases will cause the hot gases to travel along 
the top and the cold gases to travel along the bottom; heat exchange 
is, of course, rendered ineffective by such a distribution. The hori- 
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zontal regenerator should, therefore, not be used for the main checkers. 
It may be used for auxiliary checkers in horizontal flues which would 
otherwise have little value as regenerator surface. 

Returning to the calculation of flues and ports in regenerative fur¬ 
naces, we start, just as before, with the determination of the flow of 
flue gas in unit time. The temperature to which the stock is to be 
heated is known, and so is the heat per pound of stock at that tem¬ 
perature. A fairly high but still possible rate of heating, in pounds 
per square foot and hour, is assumed.* The external heat losses of the 
furnace above the regenerators are computed, and thus the total hourly 
heat quantity that must be given up by the products of combustion 
in the furnace is determined. The next step consists either in comput¬ 
ing the size of each regenerator from assumed preheating temperature 
or else in putting under the hearth as large a regenerator as is con¬ 
venient and computing the temperature of preheat from it. In either 
case, the curves given in Figs. 154, 155, and 156, Chapter 6, can be 
used. By reference to the heat-content curves in Figs. 109 to 121, 
Chapter 5, the hourly flue-gas quantity is readily found for any given 
fuel. 

A diagrammatic view of the passages in a regenerative furnace is 
given in Fig. 313. On the hearth, the pressure must be atmospheric; 
hence the stack cannot help to bring air into the furnace (although 
furnaces are sometimes operated in this way, resulting in excessive air 
infiltration and scaling of the stock). The calculation of the passages 
differs, depending on the method of bringing the air into the furnace. 
If buoyancy of the air in the regenerator and uptake be the sole moving 
agent, only very feeble pressures are available, and the air-inlet side 
determines the necessary size of the passages. If a ‘^pusher’^ fan is 
available for pumping air into the furnace, fan pressure plus buoyancy, 
acting on the inlet side, can readily be made to exceed stack draft 
minus buoyancy, acting on the discharge side, which means that the 
latter determines the size of the passages. 

If the air is moved into the furnace by its own buoyancy only, the 
regenerators are made as large in cross section as space permits, for 
the sake of effective heat transmission in them. High velocities and 
long paths, as obtained in deep single-path checkers or in two-pass 
checkers, would give better heat transmission per unit of surface, but 
the draft loss would exceed the draft which is created by buoyancy, 

♦There may be times when uniformity of heating, shape of stock, or kind of 
material (for instance alloy steel) require a lower rate of heating than the assumed 
maximum value, but it is advisable to proportion the passages for maximum heat¬ 
ing requirementa 
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which, of course, is impossible. For that reason^ the actual air velocity 
in checkers with buoyancy-actuated flow varies between 1% and 4 fps, 
whereas the gas velocity, if producer gas is used, lies between the values 
of 2 and 3 fps. These velocities are so low that the pressure drop, or 
draft loss, caused by resistance of the regenerator filling is very small 



Fig. 313. Diagram illustrating stack effect of different parts of regenerative 
furnace. 


indeed. The pressure drop in solid-chimney checkers can be figured 
as the sum of the velocity head (page 369) plus friction in rectangular 
passages (page 371), but, for standard checker setting as in Fig. 173, 
the drop is not very definitely known. The tests of Kistner* on the 
experimental regenerator of the German Steelworks Society showed 
the pressure drop in cold chcckerwork to vary exactly as the square 
of the rate of flow and to be 


H(T + m)ceo^. , , 

2.650,000^ 


in checkerwork H ft high, the average temperature of the air or gases 
being T F, c^o being the velocity in feet per second referred to 60 F, 


*Archiv Jiir das Eisenhuttenwesen, 1930, page 751. 
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and Dh the hydraulic diameter of the openings in inches (plan view) 

_ ^ _ 2 X Width of opening X Breadth of opening 
B Width + Breadth 

This expression applies to checkers with bricks set in line (not stag¬ 
gered) . However, since the tests from which this formula was derived 
were made with cold air and with velocities considerably higher than 
are usual in checkerwork, and therefore with a much higher Rejmolds’ 
number (abscissa of Fig. 300), it is probable that the expression would 
give results that are too low, when applied to actual checker condi¬ 
tions. Experimental determination of the draft loss in an actually 



'Fig. 314. Temperature distribution in 
regenerator and uptake. 


operating regenerator is beset with difficulties, but tests by the senior 
author on checkers that had been in use for some time indicated that 
the draft loss may reach values as high as 0.08 in. of water in some 
cases. (After the checkers have been in use for a time, the openings 
become partly clogged, and the resistance is much greater than in 
clean checkers.) 

The total available head caused by the buoyancy can be computed 
from the height of the ports over the cold-air inlet (see Fig. 314),* 
proper use being made of the draft diagram (Fig. 295). It ranges 
from 0.2 to 0.35 in. of water. Allowance should be made for damper- 
ing off about one-fifth of this head at the cold-air inlet, when flues and 
regenerators are clean, for the purpose of maintaining a full flow (by 
opening the damper) even after flues and regenerators have become 
partly filled with dust. It is also advisable to use some of the buoy- 

♦In the illustration, the temperature is shown to be a linear function of the 
position of the gas in its travel through the checkerwork. Tests show some varia¬ 
tion from this assumption, but it is not great enough to disturb the calculation. 
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ancy bead as velocity head for mixing fuel and air at the entrance to 
the combustion chamber. A velocity of 50 fps ie desirable but cannot 
be had with natural draft, because, at an air temperature of 1500 
that velocity needs a head of 0.15 in. of water, which, when subtracted 


AKEASRAM FOR AIR 



4 8 tS 18 80 Z4 W 38 98 40 44 48 Si 68 80 84 88 78 
Ltngth of Path’-ft. 

Fig. 316. ^‘Areagram” for gas flow in regenerative furnace. 


care, or narrow, alternating ports of air and producer gas are installed 
(see also Volume II). 

The remaining head, a scant one-half of the total buoyancy head, 
is available for overcoming the resistance to flow through the valve, 
the flue, and the uptake. To guard against impleasant surprises, some 
designers plot an “areagram,” as shown in Figs. 315 and 316, in which 


















400 


Movement of Gases in Furnaces 

the ordinates are areas, and the abscissae represent length of path of 
air or gas travel. Bends and their degree of sharpness are noted. 
From this diagram, the draft loss can be computed. If it exceeds 
the available head, the passageways must be enlarged, or bends must 
be eliminated, or both must be done. A glance at Fig. 298 proves that 
the air velocity in the reversing valve must be kept down to about 
16 fps, except for large furnaces with deep checkers. 



Fig. 317. Pressure relations in an air checker. 

The authors realize that this method is seldom followed in practice 
and that most regenerative furnaces are built by comparison with 
some other furnace which is ^^working successfully,” but they also know 
that, on furnaces built by this latter method, reversing valves had to 
be taken out and replaced by larger ones, regenerators had to be 
changed, new burners had to be installed, and stacks had to be made 
taller, because they did not produce sufficient draft. In case a regen¬ 
erative furnace is not working well, a methodical study of the individ¬ 
ual draft losses, by means of a differential draft gage, is recommended 
for locating the places that offer undue resistance. 

The question sometimes asked, how it is possible for air to flow from 
what is apparently a region of low pressure (bottom of checker) to a 
region of high pressure (uptake and ports), is answered by Fig. 317, 
which shows that, although these pressures are lower or higher relative 
to the atmospheric pressure at the corresponding levels, the absolute 
pressure drops steadily in the direction of flow—points 2-3-4-5, etc. 
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It should be understood that the extreme care here recommended 
for the proportioning of the passages on the inlet side is not necessary 
whenever fan draft is available. A pusher fan need produce but little 
pressure, about 1 or 2 in. of water column, unless the flow of air to the 
furnace is to be measured by means of an orifice, in which case an 
additional inch of water pressure is helpful. If the passages are so 
narrow that more than the above given pressure is needed, then partly 
preheated air leaks out of the regenerators and makes life miserable 
for the furnace operators. It is advisable to lock the speed-changing 
mechanism of the pusher fan; otherwise the heater is everlastingly 
adjusting the speed of the fan, in hopes of heating the charge at a 
faster rate. 

As regards the outlet side of a regenerative furnace, several matters 
should be brought to the attention of the inexperienced engineer. First, 
it must be noted that, although only the before calculated flue-gas 
quantity passes through the outlet ports of the heating chamber, a 
much greater quantity goes up the stack. From the outlet port to the 
stack, the quantity of flue gas grows steadily because of the infiltration 
of air. The stack produces a partial vacuum which reaches into the 
regenerator. Not only does air enter through every crack and crevice, 
but also the bricks themselves are permeable. Reversing valves leak, 
and stack dampers leak. Excess air amounting to 150 per cent in the 
stacks of regenerative furnaces is common, and excess air up to 900 per 
cent is on record. Stacks must, therefore, be proportioned to take care 
of considerably more than the ideal flue-gas volume. Incidentally, it 
may be remarked that, on account of the excess air, a low stack tem¬ 
perature is not necessarily an indication of high regenerator efficiency. 

The second fact that must be pointed out is the difference of tem¬ 
perature between the gases in the downtake and regenerator on the 
one hand and in the stack on the other hand. The gases in the down- 
take and in the regenerator are very light, on account of their high 
temperature, and, together with the cold air in the imaginary outside 
branch of the U tube, balance the draft caused by the stack up to the 
line 1-2 in Fig. 313. Only the stack above that line is effective, and 
it is at once obvious that regenerative furnaces must, of necessity, be 
built with tall stacks or with mechanical exhaust means, if they are to 
operate well. The draft caused by the stack above the line 1-2 must 
impart velocity to the gases leaving the hearth and entering the ports, 
and it must overcome the friction of the whole system of passages, 
bends, regenerator, valve, and stack. 

In the design of a regenerative furnace, the problem may be ap¬ 
proached in different ways. The height and diameter of the stack may 
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be assumed; the passages, including the valve, may then be calculated 
so that the assumed stack can draw the gases through them; or else— 
and this is the better way—^the passages and valves may be designed 
on the basis of conventional velocities, and the stack then calculated 
to furnish the necessary draft. As a rule, a combination of both 
methods, including more or less cut-and-try work, is needed. Anyone 
designing a regenerative furnace for natural draft soon finds out that 
the designer has but slight leeway and freedom of action. If he makes 
the passages a trifle too small, the stack becomes extraordinarily high; 
and, if he makes the stack a little too low, there is not room in the 
building to accommodate the enormous flues and valves which the 
small available draft makes necessaiy. This condition probably ac¬ 
counts for the excessive amount of copying that is done in the “design^^ 
of regenerative furnaces. An example will illustrate the methods to 
be employed in the calculation. 


Example. A reheating furnace, fired with producer gas, heats 80 lb of 
sfceel per (sq ft of hearth area, hr), from 60 to 2200 F. Compute air and gas 
velocities, pressure drop, and available draft. Are all passages large enough on 
the basis of 10 per cent excess air? The producer gas comes to the furnace 
under sufficient pressure to overcome any undue resistance. It is taken for 
granted that the stack is large enough to provide the required draft to draw 
the waste gases out of the furnace. The problem in this example is to make 
sure that the passages are large enough to furnish sufficient air to the furnace. 
For that reason, only the calculation for the air checker and ducts is given 
here. In practice, the figures for the producer gas and for the waste gas 
are calculated by exactly the same methods. 

Figure 315 shows an ^^areagram’^ of the areas of the air passages, and 
Fig. 316 shows the corresponding diagram of the gas passages. Hearth 
area = 570 sq ft. 

570 X 80 lb per sq ft and hr = 45,600 lb steel heated per hr 

From Fig. 27, heat required to raise 1 lb of steel from 60 to 2200 F = 363 Btu 

Heat absorbed per hour by steel 363 X 45,600 = 16,553,000 Btu. 

Heat losses from the walls, radiation from the openings, etc., as calculated 
by the methods of Chapter 5 = 4,400,000 Btu per hr. 

Heat given up in furnace by products of combustion 

4,400,000 + 16,553,000 = 20,953,000 Btu per hr 

In this furnace, each air regenerator contains 312 flues, 6 in. by 6 in., each 
9 ft 7J^ in. long; heating surface = 6010 sq ft. Each gas regenerator has 
4160 sq ft of heating surface. Heating surface per 1,000,000 Btu left in 
furnace (compare Fig. 155). 


6010 X 1,000,000 
21,153,000 


285 sq ft 


Figure 155 applies directly to recuperators only, but, as explained in 
Chapter 6, it can be used for regenerators also, by multiplying the surfaces by 
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i. X Heat-transmission coefficient in recuperator . 

the factor rr— 7-7 --———:- - —, in this case 1.5. Alsp^ 

Heat-transmission coefficient in regenerator 

the surfaces shown in that figure are minimum surfaces, which are about 
80 per cent of actual area required. 

^ X 80% = 153 sq ft 

1.0 


the equivalent area under the conditions of Fig. 155. 

With flue gases entering the air regenerator at 2200 F, and air entering at 
60 F, the preheat produced by 153 sq ft of heating surface is shown in Fig. 155 
to be 1320 F. The final gas temperature is taken as 1600 F (see discussion in 
Chapter 6 ). 

From Fig. 116, the heat taken into the furnace by the fuel at 1600 F and 
the air at 1320 F is 

31 -f 1.10 X 27 = 60.7 Btu per cu ft fuel 

Heat in products leaving the furnace at 2250 F is 

101 + 0.10 X 50 = 106.0 Btu per cu ft of fuel gas 

Lower heating value of producer gas = 137.3 Btu per cu ft 

137.3 + 60.7 - 106.0 = 92.0 Btu 

heat left in furnaces per cu ft of fuel gas. 

20 953 000 

Fuel required per hour = —— = 227,000 cu ft (cold measure) 

92.U 


Air required per hour (Fig. 116) 

= 1.10 X 1.178 X 227,000 
= 295,000 cu ft (60 F, 30-in. barometer) 


Products of combustion per hour: 

Air 0.10 X 295,000 29,500' 

^Ib CO 2 produced per cu ft of fuel 
^^2 X 227,000 cu ft fuel per hr 75,000 

' LeB^.ua 

N 2 X 227,000 340,600 

X 227,000 59,400 


_ J 

504,400 referred to 60 F 
30-in. barometer 


From the areagram for the gas checkers, the smallest flue area between the 
valve and the checkers is 7 sq ft, and the temperature is 1100 F. 


Velocity 


227,000 /1100 + 460\ 

7 X 3600 ^ \ 60 + 460 / 


27.0 fps 
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In the air ducts, the smallest area is 10 sq ft (Fig. 315), and the temperature 
is 200 F, so that 


Velocity = 


295,000 
10 X 3600 


/200 + 460\ 
V60 + 460/ 


10.4 fps 


Air checkers. For the purpose of calculating draft required and draft 
available, the air ducts and flues may be conveniently divided into five 
sections: 


(а) Vertical flue, 19 ft long, including valve. 

(б) Horizontal duct to checker chamber, 11 ft long. 

(c) Ducts under checkers, 7 ft average length of path of air or gases. 

(d) Checker flue, 9 3^ ft long. 

(e) Vertical flues from checker chamber to furnace ports, 21 ft long. 

For each section, calculation must be made for draft required to overcome 
friction; draft or pressure drop required to produce velocity; positive or 
negative draft (helping or hindering flow) produced by buoyancy; and loss 
due to bends. 

(a) Vertical flue from valve: 


L = 19 ft; B = perimeter = 174 in.; Tavg = 140 F 
A = average cross-sectional area = 1580 sq in. 

295,000 X 144 


Average velocity of flow = 


1580 X 3600 




Friction loss 


119.1 X / X ^ X 7- ^ 400 


(The coefficient 119.1 enters the equation on page 369 through elimination 
of the density q and substitution for diameter in feet of “hydraulic diameter^’ 
A/B ill inches.) 


cD 

— (Fig. 299) = 


4c X A 


4 X 8.60 X 1580 


12u X B 12 X 0.0002 X 174 


= 130,000 


/ = 1.1 X 10-^ 

In Fig. 300, values corresponding to a roughness ratio of about 0.01 will be 
used. If the brickwork is poorly constructed, with many projecting bricks, or 
if it is coated with slag waves, the coefficients should be increased accordingly. 

174 f8 60'i^ 

Friction loss = 119.1 X 1.1 X lO"** X X 19 X vin V Aat\ 

1580 140 + 460 

= 0.00337 in. water 


Velocity through valve (maximum) 

^_ 295,000 _ 

3600 X 9.62 sq ft X 0.62 (contraction coefficient) 

= 13.7 fps 
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O.llSc^ 

Loss due to velocity head — ■ = 0.0394 in. iVater 

1 4oU 

There is one 45-degree bend and one sharp 90-degree bend. For the 45- 
degree bend, the loss will be taken as one-half the velocity head; for the 
90-degree bend, as equal to 1.65 times the velocity head (Fig. 302). 

1 0.118 X (8.60)2 0.195 X (8.60)2- - 


2 ^ 140 + 460 


140 + 460 


= 0.0073 + 0.0240 = 0.0313 in. water 


Negative draft due to buoyancy of hot air in this section 

= 0.0147 X 16 (effective height) X ^1 — “ 0.0306 in. water 

(The coefficient 0.0147 enters the equation on page 367 by substitution of 
29.92 in. for barometer and 60 F for temperature of atmosphere.) 

(b) Horizontal duct to checker chamber: 

L = 11 ft; B = 156 in.; A = 1440 sq in.; Tavg = 170 F 
Average velocity of flow = ;;;; ^ X (J = 9.92 fps 


1440 X 3600 


,60 + 460 


T = ^XoS^^=/= 1.1X10- (from Fig. 300) 


Friction loss 


-n9.ixi.ixio-<x^xnx!^ 

= 0.00244 in. water 


Loss in one 90-degree bend = 


0.195 X (9.92)2 


= 0.0303 in. water 
(c) Ducts under checkers: 

Five ducts, each 15^ in. by 27 in. by 14 ft. Average length of path of gas 
travel is 7 ft. 

L = 7 ft. B = 85 in. A (each) = 425 sq in. T^vg = 200 F. 


Average velocity = X 


1 ^ 295,000 X 144 ^ /200 + 460 


2 5 X 425 X 3600 


') = 3.25 fps 


Factor H is used because air moves vertically into checkers as well as 
horizontally, and average value of volume flowing horizontally may be taken 
as H volume at entrance. 

cD 4 3.52 X 425 ^ i ac v 

IT -12^ 0.00024 X 85 / ' I *® X 


Friction loss = 119.1 X 1.05 X 10-< X 777 = X 7 X 


= 0.000329 in. water 
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(d) Checker flues: 

312 flues, 6 in. by 6 in., 9)^ ft long. 

L * ft; B = 24 in.; = 36 sq in.; Tavg = 800 F 
Velocity of flow into checkers = 1.25 fps 

Velocity head =*= ^ = 0.00028 in. water 

ooO 


For solid-chimney checkers, pressure drop is figured by the aid of Fig. 300. 


Average velocity in flues 


295,000 X 144 / 800 + 460 \ 

(312 X 36) X 3600 ^ V 520 ) 


cD 

u 


2.54 fps 


£ 2.54 X 36 

12 ^ 0.0007 X 24 


= 1810 


This value is below the critical value of 3000 (Fig. 300), and the flow is 
viscous rather than turbulent. / = 1.02 X 10“^. 

24 (2 '>41^ 

Pressure drop = 119.1 X 1.02 X 10“^ X ^ X 9| X - 

do 12oU 

= 0.000393 in. water 


Positive draft produced by hot-air column in checkers and in passages at 
top and bottom. L == 12 ft. Tavg == 800 F. 

Draft = 0.0147 X 12 A -- —= 0.103 in. water 
\ 800 + 460/ 


(e) Vertical flues from checker chamber to furnace ports: 

L = 21 ft; B = 100 in.; A = 627 sq in. 

Pressure drop required to produce velocity head at entrance to flues: 
4 flues, 27 in. by 23 M in. Contraction coefficient at entrance = 0.80. 

, 295,000 X 144 /1320 + 460\ 

Vetoly - 4 x 27 X 23M X 0.80 X 3600 M0 ~ V 


0.118 X (20.1)2 
1860 


= 20.1 fps 
= 0.0255 in. water 


Average velocity = 0.80 X 20.1 = 16.08 fps 


Friction loss 


cD^± 16.1 X 627 f- 105X10-5 

u 12 ^ 0.0013 X 100 ^ * ^ 

= 119.1 X 1.05 X 10-* X ^ X 21 X 
= 0.00610 in. water 
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Sharp 90-degree bend into ports. Velocity = 16.08 ^s. 

0.195 X (16.08)2 „ „„„„ . 

-- — = 0.0283 m. water 

Draft produced by buoyancy of hot air in flue. Effective height = 14 ft. 

0.0147 X 14 X (l - = 0.148 in. water 


SUMMARY 



Pressure Drop 

Losses, or 



or Draft 

Negative 

Useful 

Section 

Produced by 

Draft 

Draft 

(o) Vertical flue from valve to horizon¬ 

Friction 

0.00337 


tal duct 

Velocity head 

0.03940 



Bends 

0.03130 



Buoyancy 

0.03060 


(6) Horizontal duct to checker chamber 

Friction 

0.00244 



Bends 

0.03030 


(c) Ducts under checkers 

Friction 

0.00033 


(d) Checkers 

Velocity head 

0.00028 



Friction 

0.00039 



Buoyancy 


0.1030 

(«) Vertical flues from checker chamber 

Friction 

0.00610 


to furnace ports 

Velocity head 

0.02550 



Bends 

0.02830 



Buoyancy 


0.1480 

(/) Furnace pressure 


0.0100 


Sum 


0.20831 

0.2510 


The difference, or 0.043 in. of water, is available for overcoming additional 
resistance caused by choking up of the passages by dust or slag which gradually 
accumulates in the flues as the operation of the furnace continues, and for 
velocity head in furnace. When the furnace is first started, the excess draft 
is taken up by partly closing the air damper; afterward, as the use of this 
draft becomes necessary for overcoming increased resistances, the damper is 
opened wider and wider. 

The calculation of flues and stacks which serve furnaces with tile 
recuperators is very similar to that of regenerative furnaces. Such 
recuperative furnaces are illustrated in Figs. 318 and 69. The hori¬ 
zontal zigzag flues through which the products of combustion flow in 
the recuperator offer resistance to flow, and so do the underground flue 
and the stack. The buoyancy of the hot flue gases in the recuperator 
counterbalances the smaller buoyancy of the colder gases in a longer 
(vertical) section of the stack. A study of the previously given ex¬ 
ample will facilitate the calculation of passages, flues, and stack for 
a furnace equipped with a tile recuperator. If such a furnace is of the 
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Fig. 318. Furnace with low-lying recuperator. 
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continuous type, an uncertainty enters, which is caused by inward of 
outward leakage at the charging end. At that end, some clearance 
must exist between bottom of door and top of charge. And further¬ 
more, the stock is never so wide as the door opening. As previously 
explained, the slightest pressure at the discharge end (referring to 
gases) of a furnace causes large volumes of flame and smoke to billow 
out from under the constantly open door; and the slightest vacuum in 
the furnace causes cold air to enter the flue-gas ducts of the recuper¬ 
ator. The latter happening is the more harmful of the two. Not only 
is the temperature of the products of combustion reduced by being 
diluted with cold air, but their volume is increased, whereby, in turn, 
frictional resistance is increased. For that reason, a very slight 
pressure is maintained at the charging end of a furnace. If the fur¬ 
nace is operated in that manner, passages, flues, and stack designed 
to take care of the theoretical volume of flue gases are adequate, 
except in the not infrequent event that the owner decides later on to 
heat a much greater hourly weight in the same furnace. In that case, 
a new and larger stack is needed, or else a mechanical device must be 
installed for exhausting the flue gases. 

Ceramic (tile) recuperators invariably become leaky under the effect 
of contraction and expansion of week-end shutdowns. For that reason 
an effort is made so to operate the recuperator that the pressures on 
the flue-gas side and on the air side are equal. And, since the stack 
causes a slight vacuum, the air should arrive with atmospheric pressure 
at the top of the recuperator. The air pressure that is needed at the 
burners is generated by a hot fan between recuperator and burners. 
The fan is preferably equipped with a butterfly damper on the pressure 
side. 

Mechanical devices for moving gases are needed less at the outgoing 
end of a regenerative furnace than at the ingoing end, because the 
stack can always be made large and tall enough to pull the flue gases 
through the valves, the checkers, and the passages. Nevertheless, 
mechanical devices are in use on some industrial furnaces, for instance 
on pit furnaces (soaking pits). Such devices are either direct-acting 
suction fans which generate a pressure difference of a few inches of 
water column or else high-pressure fans which aspirate the spent gases 
by means of an air jet. The fan air passes through a nozzle which is 
set ahead of the throat of a Venturi tube, as shown in Fig. 319. Fans 
through which the products of combustion flow after they have passed 
through regenerators need not be made of heat-resisting metal, unless 
the regenerators are too small. This statement applies to industrial 
furnaces in the sense of the present book, but not to steel-melting 
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furnaces, from which the gases are discharged at a much higher tem¬ 
perature. However, the bearings of discharge fans must be water- 
cooled in any event. 

In Fig. 319, only the checker and short stack on one side of the fur¬ 
nace are shown. If a damper in the stack be closed, the air issuing 
from the jet must reverse its direction and flow through the regener- 

' % 


i 



Fig. 319. Isley system for control of reversing furnaces. 

ator. If the damper be open, the jet air aspirates the products of 
combustion and ejects them through the Venturi stack. The dampers 
are the reversing valves. 

Fan-air operated jets and even steam jets have been put into stacks 
as an afterthought in order to increase the draft. A steam jet pointing 
upward at the bottom of an unrestricted stack indeed increases the 
draft. However, the small increase in draft is bought at the expense 
of an everlasting, very high steam consumption. The principle is fun¬ 
damentally wrong. 

If a fan-actuated air jet is placed in an existing stack, its proper 
place is near the top of the stack, as diagrammatically indicated in 
Fig. 320. Such jets have been placed near the bottom of the stack. 
However, that location is wrong, for two reasons: The hourly weight of 
the ejection air ranges between 60 and 100 per cent of the hourly 
weight of the furnace gases. If that quantity of cold air enters at the 
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foot of the stack, the stack gases are chilled and the natural draft is 
reduced (see Fig. 295). The ejector air also,greatly increases the 
volume flowing through the stack in unit time, whereby the frictional 
resistance to flow is greatly increased. Cases are on record in which 
the ‘^draft-increasing device” actually reduced the available draft. 
The theory of aspiration by jets is not yet fully developed, in spite 


Fig. 320. Increase of draft by air 
jet. 


Top of stack 



' V 


of the expenditure of much thought and effort. It is advisable to pro¬ 
cure jet-aspiration equipment from those who have made exhaustive 
(in more senses than one) tests with their apparatus. The senior 
author went deeply into the theory of jet induction (Heat Treating 
and Forging, January to March 1932) and hoped to substantiate his 
findings by a series of carefully planned tests with jets which dis¬ 
charged into active stacks. However, the tests showed that seemingly 
insignificant changes in the proportions produced great differences in 
the results. For that reason, results of the tests are not given here. 

Flow of Gases through Tube Banks. Recuperators of several 
types consist of tube banks across which either air or products of 
combustion flow. The resistance to flow through tube banks depends 
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on a large number of variables. Equations for that resistance have 
been derived on the basis of the test data. These equations are neces¬ 
sarily complicated. For that reason, it is preferred to refer to the 
original publications. See Chilton and Genereaux, Transactions Amer¬ 
ican Institute of Chemical Engineers, 1933, pages 161 to 173; and three 
papers in the Transactions American Society of Mechanical Engineers, 
1037: E. C. Huge, pages 57 to 81; O. L. Pierson, pages 563 to 572; and 
E. D. Grimison, pages 583 to 594. ^^Heat Transmission^^ by McAdams 
and ^^Der Industrielle Warmeiibergang^’ by Schack may also be con¬ 
sulted. 


5. CIRCULATION OF FURNACE GASES 
AND MEANS FOR PRODUCING IT 

A distinction exists between flow of gases and circulation of gases. 
Products of combustion may flow directly from the burner (or inlet 
port) to the vent, or they may be compelled to pass the same spot 
twice or more times in succession, in which latter case they truly cir¬ 
culate. In this section the term circulation will be used rather loosely 
and will be applied both to single flow and to truly circulatory flow. 

In the section on heat transfer, the variation of the ratio (heat trans¬ 
fer by radiation to heat transfer by convection) with temperature was 
discussed. From that ratio it follows that rapid and uniform heating is 
obtained at high temperatures (1800 to 2300 F), if every square inch of 
the surface of the charge can see (figuratively speaking) thick, glow¬ 
ing gas streams and the hot walls, without necessarily coming in con¬ 
tact with the hot gases. For reasons that are explained in Volume II, 
oxidation of the charge is smallest if there is no actual contact. Most 
shapes of material that is to be heated to a high temperature lend 
themselves to being heated principally by radiation. 

At low temperatures (1000 to 1300 F), radiation is so weak that con¬ 
vection becomes an important factor in heat transfer. In heat transfer 
by convection, the hot gases must actually contact the charge and pass 
over or through it, preferably several times in succession. The con¬ 
clusion to be drawn from this reasoning is not that circulation is un¬ 
desirable at high furnace temperatures, but that it is positively neces¬ 
sary at low temperatures if quick and uniform heating is to be 
obtained. 

From Chapter 1 it follows that there is an endless variety in the 
shapes of furnaces, in arrangement of the stock within them, and of the 
heat-liberating devices. For that reason, it is impossible in the present 
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volume to trace the circulation of gases in every type of heating 
furnace and annealing furnace and for every conceivable arrangement 
of the charge. Only general principles can be studied here; their 
applications to individual furnaces are dealt with in Volume II. 

There are five operating causes for circulation of gases in furnaces: 

1. Change of volume during a change of temperature. 

2. Difference in density between hot and cold gases. 

3. Kinetic energy of flowing gases due to pressure of incoming fuel 
and air. 

4. Furnace pressure in conjunction with draft in flues. 

5. Effect of wind acting on outside of furnace. 

Means for giving direction to the circulation are as follows: 

6. Location of heating and combustion devices. 

7. Direction of jets of hot gas or flame. 

8. Location of outlet ports. 

9. Location and slope of walls, roofs, and baflBes. 

10. Arrangement of heating stock in furnace. 

11. Fans. 

A discussion of each of these propositions, together with a few illus¬ 
trative examples, will be of assistance. 

(a) Change of Volume Due to Change of Temperature. The 

volume of a given weight of a gas is proportional to the absolute tem¬ 
perature, if the pressure remains constant; and it remains practically 
so in furnace work. This agency, taken by itself, causes but little of 
the gas circulation in furnaces, but it certainly increases and intensifies 
the action of cause 3. The outflow of hot gases that occurs when an 
electric furnace is being heated up is almost entirely due to increase 
in volume with increase in temperature. The increase in volume dur¬ 
ing combustion is very helpful in filling combustion spaces and ducts 
with heat and flame and in causing an even flow of gases through the 
heating chamber, although the fuel and air mixture may come into the 
furnace in separate jets. 

(b) Difference in Density between Hot and Cold Gases. This 
difference produces the well-known stack effect. It is very beneficial 
if properly used, but is also harmful if allowed to act in certain ways. 
It is beneficial because it brings the air into the furnace through low- 
lying regenerators or recuperators. It brings products of combustion 
into the heating chamber from low-lying coal fires. It is practically 
the only agency that produces circulation inside of muffles and elec- 
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trically heated furnaces. It causes heat and flame to seek the roof of 
the furnace and to pass above the heating stock, which lies in a colder 
atmosphere. If quick and uniform heating, at temperatures of 1000 
to 1400 F, is to be attained, this tendency must be counteracted by 
other means, which are described below. The difference in density 
between hot and cold gases tends to produce an undesirable circula¬ 
tion (as shown in Fig. 321), allowing cold air to enter at the bottom 
of the door, or through cracks in the brickwork. It is the desire to 


Fig. 321. Undesirable circulation caused by 
stack effect of hot furnace. 


avoid this condition that has led to the adoption of the practice of 
carrying just a little more than atmospheric pressure in the furnace at 
hearth level. Of course, this expedient does not overcome the circula¬ 
tion tendency due to difference in density. It does stop the entrance 
of cold air, but it causes more heat to be lost through openings around 
the top of the door. 

Where it is especially important to stop the entrance of atmospheric 
air, nozzles may be located just below the bottom of the door, directing 
high-velocity jets of air away from the furnace. The circulation shown 
in Fig, 321 can thereby be stopped or even reversed; the latter condi¬ 
tion, however, can be avoided by adjusting the air pressure at the 
nozzles. 

In an end-discharge continuous furnace (such as shown in Fig. 318), 
on account of the stack effect due to the slope of the hearth and poor 
fit of the discharge door sections, the leaking in of cold air is especially 
serious. It not only reduces the economy but also causes increased 
temperature differences in the billets, reduces the heating rate, and 
results in excessive scaling. Well-fitted mechanically operated doors 
(shown in Fig. 263) eliminate air leakage to a great extent. ^^Condi¬ 
tioning burners^^ have been used to provide an excess of gas near the 
door and over the billets. 

If a hot gas stream of density qi is entering horizontally with veloc¬ 
ity c into a cooler medium of density q, its buoyancy makes it rise. 
The upward force acting on a volume V equals V(q — q^); the mass 
of that volume is Vq^/g, and the upward acceleration 

(siS expressed by ^ equals — -~ g = a 

\ Mass/ qi \qi ) 

The shape of the gas stream is an upward-bent parabola, points of 
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which are found by this simple reasoning. After time t sec, the hori¬ 
zontal component of the path is ct, while the irertical component is, 
(see Fig. 322). However, calculations of this sort must be used 


Fig. 322. Rising stream of hot gases. 


with great care. In the first place, the difference of density between 
the entering stream and the surrounding medium is seldom accurately 
known; and, in the second place, viscous drag causes entrainment and 
diffusion to such an extent that all differences of density are obliterated 
after some distance of travel. 

(c) Kinetic Energy of Flowing Gases Due to Pressure of In¬ 
coming Fuel and Air. The fact that air and gas, or oil, or powdered 
coal are brought into the furnace with considerable velocity (which 
is necessary to produce both mixing and pressure at the level of the 
hearth) furnishes one of the most valuable means of effecting a lively 
circulation in the furnace, provided that the latter be so shaped as 




Fig. 323. Circulation maintained by a small 
jet. 


properly to direct the gases and to maintain the circulation (see below, 
under i) . A very small stream of gas can maintain a perpetual circu¬ 
lation in a circular chamber with a central outlet (as shown in Fig. 
323). A simple case like this one is amenable to mathematical treat¬ 
ment, but very little is gained thereby, because the “Rotaflame’’ fur¬ 
nace is only one special case out of a great many, and because, in all 
cases of low-temperature heating, circulation through and between 
pieces of the charge is the great desideratum. 

In those furnaces in which circulation is most necessary, that is to 
say, in furnaces carrying temperatures between 1000 and 1400 F, it is 
out of the question to let the flame or the extremely hot products of 
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combustion touch the stock; they must be diluted and mixed with 
products of combustion which have been in the furnace for some time. 
This is often done by induction or entraining. Many attempts to 
secure furnace circulation by this method have been failures, because 
the designers did not realize that length is needed for induction. In 
section 1 of this chapter, the laws of induction were given; in prac¬ 
tice, they are complicated by the fact that induction and combustion 
go on simultaneously and that the density of the jet differs from the 
density of the surrounding medium. For these reasons, the following 
example does not give quite the true answer, but it is exact enough to 
impress on furnace engineers the relation that must exist for proper 
induction. 


Example. Products of combustion with a temperature of 2400 F flow in a 
jet of 6-in. diameter with a velocity of 150 fps. They induce other products of 
combustion, having a temperature of 1200 F. How far from the mouth of the 
jet will the temperature of the jet have dropped to 1400 F? 

For the sake of simplicity, take the specific heat to be constant. Then call¬ 
ing Wi the weight flowing from nozzle per second and W 2 the weight entrained, 
we have 

2400TF1 + 1200TF2 = im(Wi + W2) 
or 

W 2 ^ 1000 

Wi 200 

From the momentum formula, velocity at section of mixing. 



From the fact that both for the mouth and for the mixing section, weight in 
unit time equals area times density times velocity, follows 


A2 = Ai 


( £1V £2 

\C2/ VI 


A denoting area, v specific volume, and c velocity. 

By substitution, 

i42 = X 6 X 6 X 0.58 = 2\Ai 

But 

A 2 = 7r(3 + Ltanj)2 and Ai = (see Fig. 324) 



Fig. 324. Diagram illustrating en¬ 
training action of a jet. 
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Hence, 

i = § X 25® (see page 379) 

Evidently, the length that is needed for induction is proportional to the 
diameter of the jet. If, in a given design, the necessary length is not available, 
change the design, or use several jets of smaller diameter. 

It must again be emphasized that this calculation is only an approximation. 
The velocity is not uniform in the expanded jet, being high in the center and 
practically zero at the edge. In accordance with this distribution, the temper¬ 
ature is low at the edge and high in the core. 

Radiation of heat from the products of combustion tends to reduce the 
temperature in a shorter length, while after-burning retards the drop of 
temperature. 



(d) Furnace Pressure in Conjunction with Draft in Flues* The 

action of pressure difference is so self-evident as to call for little dis¬ 
cussion. Fluids always flow from regions of high pressure to regions 
of low pressure (unless the pressure difference is caused by the weight 
of an overlying column of fluid). Greater pressure differences produce 
faster flow (for a given density of fluid). This latter proposition is so 
simple that every furnace engineer might be expected to heed it, and 
yet mistakes are made by neglecting it. 

Figures 325 (showing the wrong way) and 326 (showing the right 
way) illustrate the point in question. In Fig. 325, more flue gas will 
be drawn through port 2 than through port 1, because the pressure drop 
through port 1 plus flue to a point under port 2, must be the same as 
the pressure drop through port 2 alone, and that equality of pressure 
drop can be had only by passing more flue gas through port 2 than 
flows through port 1. If, on the other hand, the flue is made quite large 
(Fig. 326) compared to the ports 3 and 4, the pressure drop and the 
flow through both will be practically equal. 
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(e) Effect of Wind. The majority of industrial furnaces are not 
only located indoors, but are also clad in sheet steel. For both reasons, 
wind has little effect on circulation and pressure in such furnaces. 
Occasionally, with a combination of strong wind and windows, venti¬ 
lators and doors wide open, an effect is noticed in the action of 
inspirating burners. Matters are different with furnaces that are lo¬ 
cated in the open, for instance, by-product coke ovens. 

(f) Location of Heating and Combustion Devices. With coal 
on the grate, the choice of location is somewhat limited, and baffles, 
etc., as are described under method i are necessary to direct heat and 
circulation in the desired channels. With powdered coal, oil, or gas, 
greater freedom exists. 

Furnaces may be endfired ; they may be sidefired. Burners may be 
located above the charge or under the hearth. The number of burners 



Fig. 327. Convection currents induced by 
hot resistors. 


may be varied. Resistors and radiant tubes may be located above or 
below the charge. The multiplicity of arrangement is too great to 
permit a detailed discussion. 

In some furnaces that are heated by resistors or by radiant tubes, 
circulation is obtained by meclianical means. Without such means, a 
sluggish circulation exists in such furnaces as indicated by the arrows 
in Fig. 327 which diagrammatically represents an electrically heated 
furnace. 

(g) Direction of Jets of Hot Gases or Flame. In comparatively 
few cases will satisfactory operation result from directing flames into 
and between the pieces that are being heated. There is danger that 
the tongues of flame will overheat some of the pieces and that excessive 
scaling will take place, because a flame is a sign of incomplete com¬ 
bustion. As a rule, it is better to direct the hot gases along a brick 
wall and to deflect them so that they are bent back into the pile of 
stock (or around it) (as indicated in Fig. 307), or else to induce a 
current by viscous drag, which method was indicated under c. What 
occurs when the flames are sent directly into the charge is illustrated 
by Fig. 328, which shows a perspective view of the hearth and ports 
of a regenerative annealing furnace, with two trays of castings on the 
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hearth. The hearth is shown as it would appear with the front wall 
removed. When the furnace is in use, the whole hearth is covered 
with trays. Air and gas pass out of the ports and are directed straight! 
into the pile of castings. If a tray of cold castings is set close to the 
ports, flame can be seen passing between the castings and even beyond 



Fig. 328. Wrong location of charge in an annealing furnace. 


the tray. As long as the castings remain fairly cold, no harm can 
result, either from local overheating or from scaling. When the cast¬ 
ings become red hot, scaling and non-uniform heating are unavoidable, 
unless the trays are moved to some distance from the ports; then 
every stream of gas and air induces enough of the furnace atmosphere 


Fig. 329. Circulation produced by offset burners. 


to bring the so-called flame temperature down; besides, combustion is 
so nearly completed that scaling is low, and, finally, the burning gases 
have given up a considerable amoimt of heat by radiating to the walls 
and the roof, before they contact the charge. In some works, the cast¬ 
ings are left close to the ports until taken out, and the scaling is ac¬ 
cepted as a ^'necessary evil.” * 

Offset jets, firing in opposite directions, as indicated in Fig. 329 

♦ It is needless to say that the practice described in this paragraph is very poor. 
The saving effected by the regenerative furnace is wholly imaginary in this case, 
because some of the charge must be heated to a temperature that is much higher 
than is required for annealing, in order to bring the cooler part of the charge up to 
annealing temperature. 
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produce a lively circulation. This illustration may be taken to be a 
plan view or an elevation. In the latter case, the heating stock must 
be properly blocked up so as not to interfere with the circulation. 

Circulation of this type is very effective in low-temperature furnaces, 
in which little danger of scaling exists. The flame is tempered by ex¬ 
cess air that is injected at high velocity. 
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Fig. 330. Device for reducing 



Section B-B 

ir infiltration in tall furnaces. 


Jets may also be used to prevent circulation. If long, hanging ob¬ 
jects, such as pipe, are carried through a continuous furnace, as shown 
in Fig. 330, buoyancy causes a circulation which is indicated by ar¬ 
rows. The top is overheated, and the bottom is too cold. If the 
burners are arranged as shown in the plan view, their jet actions 
counteract the undesirable circulation that is produced by buoyancy. 
When the furnace is cold, the bottom burners throw flame out of the 
furnace into the workroom. 

The action of jets in underfired furnaces was explained on page 382. 

(h) Location of Outlet Ports. Flue gases must go to the outlet 
ports; if these ports are correctly located and have the proper relative 
sizes, the gases can be drawn to any point in the roof, sidewalls, or 
hearth. In the location of ports, judgment must be exercised to avoid 
short-circuiting of the gases from the burners or inlet ports to the out¬ 
let ports. In certain types of annealing furnaces, it has been found 
very advantageous to have many small ports uniformly distributed in 
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the hearth, because that arrangement carries the hot products of com¬ 
bustion to every part of the furnace. Examples will be given later 

(i) Location and Slope of Walls, Roofs, and BaflBes. Circula¬ 
tion is helped or hindered by proper or improper location of walls. 
Furnace gases have mass, inertia, and friction. In many respects, their 



Fig. 331. Arrangement of bridge wall, roof, and port for 
uniform heating. 



flow is similar to that of water and is affected by walls in a cor¬ 
responding manner. A few examples will illustrate their effect. 

Although present economic conditions in the fuel industry of the 
United States have caused the firing of industrial furnaces by coal on 
the grate to become rather infrequent, coalfired industrial furnaces 
are common in some parts of Canada and in many European countries. 
For that reason, the remarks in the following paragraph are appro¬ 
priate. 

In endfired furnaces, it is difficult to heat the stock lying close to the 
doors, unless so much pressure is carried in the furnace that hot gases 
are forced out around the doors, or else the flame is thrown toward the 
doors, or else a greater quantity of gas is made to pass along the doors. 
This last solution is by far the best, but is, unfortimately, not found in 
practice so often as it should be. Three of the methods by which 
greater gas flow along the door side is obtained are shown in Fig. 331, 
which represents a coalfired furnace. First, the roof is drawn down 
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deep on the rear end, much lower than on the door side; second, the 
bridge wall is lower on the door side than on the rear end; and third, 
the outlet flue is offset so as to be closer to the door side. This last 
feature is an application of the principle expressed under h. 



Fig. 332. Circulation in continuous furnace as affected by shape and location 
of roof. 

Another example of the effects of walls and bafldes on circulation is 
given by Fig. 332, which represents a continuous billet-heating furnace 
with split flame. The wavy roof * mixes the gases and deflects hot 
gases down upon the billets, and the restriction caused by the dip at 
point 1 compels part of the heating gases to travel under the steel. 

It may be well to mention here the Yesmann “inverted weir^^ theory of flow 
of gases in furnaces, t Starting from the hydraulic analogy of the experiments 
with kerosene and water made by Groume-Grjimailo to simulate the flow of 
hot and cold gases, Yesmann concluded that flow under a “knuckle^^ in a 
furnace roof or under a curtain wall, and with certain modifications the flow 
under any furnace roof, is equivalent to flow over an inverted weir, and that 
the thickness of the moving gas stream would be 

^ + 460T 

where the volume of gases flowing at T F is Q cfs, the width of passage is b ft, 
and factor k ranges from 2.4 to 2.9, varying with b and H. If the height of 
passage under the contraction exceeded the height H as figured from the 
above expression, he assumed that the gas stream would not fill the passage 
and that the gases would “channel” under the roof, leaving a cold stagnant 
layer on the hearth. Although chemically dissimilar fluids, such as light oil 
and water, of different densities and having relative motion to each other, ex¬ 
hibit a well-marked boundary between the lighter top fluid and the heavier bot¬ 
tom fluid, it is known from modern developments of the theory of flow of fluids 
that no such thing as a lower free boundary can exist in the case of identical 
fluids such as hot and cold gases; on the contrary, the viscous drag of the 

♦In spite of the advantages in circulation obtained by the multi-arched, wide 
roof, that type of roof is being replaced by a suspended flat roof. The arch at 
the hot end of Fig. 332 bums thin, collapses and causes collapse of the whole roof. 

t Groume-Grjimailo-Williams, ^Tlow of Gases in Furnaces,” 1923, pages 40 
and following. 
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gases under the roof will either carry along the gases near the hearth or will at 
least cause recirculation of these gases. Although the Yesmann theory can be 
applied with some degree of justification to tall furhace chambers, its field 
of use is limited to very slow rates of flow, and the attempt to extend it to 
all cases of flow of gases in furnaces is wrong and misleading. 

The following experiment made by the senior author is of interest 
in this connection. Hot smoky gases were admitted at a very low rate 
of flow under the roof of a full-sized furnace (as shown in Fig. 333a). 




Fig. 333. Effect of jets on circulation. 


They rolled along under the roof and passed out at the vent as shown 
in the a part of the illustration. But, when the oil burner B was 
started, the hot smoky gases were sucked into the path of the oil flame 
(as indicated in Fig. 3336) and no longer followed the roof. The same 
effect was produced when only the atomizing steam, but no oil, was 
admitted. 

(j) Arrangement of Heating Stock in Furnace. Whereas prin¬ 
ciples a to i concern the furnace builder, this one must be observed by 
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the user. Violation of the rule that the stock must be placed to allow 
circulation is very common. In furnaces that are built with circular 
cross section for the express purpose of securing the best possible circu¬ 
lation, ingots are often placed on the floor (as shown in Fig. 334, left)* 
whereas they should be placed on bricks or blocks at each end, as 
shown at the right of the same illustration. In other furnaces, castings 
are piled promiscuously and obstruct outlet ports in the hearth or side- 



Wront) 



Right 


Fig. 334. Methods of placing stock 
in furnace. 


walls. Bars or billets are placed so close together that gases cannot 
pass between them, and many other errors are made. By observing a 
few ordinary precautions in the placing of the stock, the heater can 
improve the imiformity of heating, reduce the time that is required, 
and save fuel. 

A furnace in which the effects of all the factors discussed in the 
preceding paragraph are clearly evident is the one-way-fired pit fur¬ 
nace illustrated by Fig. 335. The heater places the ingots far enough 
apart to permit circulation of hot, radiant gases between the ingots. 
At high fire, the gases follow the path 1-2-4. If the burner is cor¬ 
rectly designed, combustion is almost completed when the burning 
gases have traveled the length of the pit. Reversal of direction of 
flow at the wall causes mixing and completes the combustion. Ingot 
No. 5 is well heated. Ingot No. 6 is relatively cold, especially at the 
bottom. That ingot is brought up to temperature, if the burner is 
turned down, because in that case, the gases take the path 1-3-4. 
Uniformity of temperature throughout the pit is obtained either by 
alternating high fire and low fire or by high fire during the heating 
period and by the low fire during the soaking period. In a third 
method of circulation, the pit is fired full blast until the hottest ingot 
is slightly too hot. The fuel is then tiumed off, while the flow of air is 

* Although the circular furnace has been selected to illustrate excellent circula¬ 
tion, it must be realized that it is not necessarily an example of uniform heating. 
As a rule, the heat inlet is placed near the door. Instead of having a cold spot 
near the door, this furnace has a hot zone there. If uniform heating is desired, 
an auxiliary burner about halfway between the main inlet and the outlet port 
should be used. 




Furnace Gombb and Means for Producing It 4f25 

continued. With rich fuels such as oil or natural gas, this method of 
circulating produces good uniformity of tempenature. It should be 
mentioned that rapid heating damages ingots of certain alloy steels, 
unless the ingots had been slowly preheated in a separate heating 
chamber. 



Fig. 335. One-way-fired soaking pit showing effect of initial velocity of flame. 

(k) Circulation by Mechanical Means (Fans). In Chapter 3, 
the reasons were discussed why, in furnaces that carry less than 1400 F 
temperature, circulation by mechanical means is almost a necessity and 
why baffles are provided for guiding the circulation through the charge. 
Furnaces embodying the principle of mechanical circulation are illus¬ 
trated by Figs. 10 and 60. Mechanical means circulate products of 
combustion, as well as protective atmospheres which are heated either 
by electric resistors or by radiant tubes. If the charge consists of a 
deep layer of small pieces, fans produce a very limited circulation 
only. For that reason, deep charges of small pieces are avoided in 
industrial furnaces. 

For a given heating time, uniformity of temperature is increased; 
and for a given uniformity, heating time is shortened, if the direction 
of gas (or air) flow is periodically reversed. Reversal of flow is em¬ 
bodied in the furnace that is illustrated in Fig. 336. The fan is so 
designed that it is equally efficient in either direction. 
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Fig. 336. Furnace with fan for producing circulation. 


6. ORCULATION OF GASES IN FURNACES 
OF VARIOUS TYPES 

Flow of gases is a necessity in all furnaces that are heated by the 
combustion of fuel. In high-temperature furnaces, heat transfer by 
convection is negligibly small, but the products of combustion must 
flow and must be replaced by fresh, hot gases. In connection with 
Fig. 307, the statement was made that the gases should sweep over 
the charge when combustion has been almost completed in order to 
remove the cold layer on the charge. 

A furnace that embodies this principle and looks somewhat like 
Fig. 307, but acts differently, is illustrated by Fig. 337, The furnace is 
intended to serve for temperatures below 1600 F, The stream of burn¬ 
ing gases passes through the outlet flue, inducing a portion of the flue 
gases and returning them to the furnace where they are circulated 
around the stock, provided the latter is raised from the hearth a suf¬ 
ficient amount or is otherwise so arranged as to allow circulation. If 
the wall 3 were omitted, flow would not be nearly so regular as it is, 
because the stream would entrain gases almost exclusively from the 
top, and, besides, there would be no guarantee that the bottom layer 
of gas would be expelled through the outlet. In the design as shown, 
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although there is an opening at 1 near the stack opening, no gas enters 
the flue from the furnace interior, because the fliow is all in the other 
direction. Correct proportioning of the openings 1 and 4, of cross sec¬ 
tion of flue, and of length of path between burners 2 and opening 1 
are necessary conditions for correct operation. 



Fig. 337. Furnace designed for recircu- Fig. 338. Flow of gases in 

lation of products of combustion. an overfired car-type furnace. 


The gases circulate as described as long as the burner is wide open. 
If the burner is gradually turned down, a point is reached when the 
burning gases escape through the vent instead of entering the furnace. 

In annealing furnaces, the temperature is usually too high for fans. 
Referring to Fig. 338, it will be noticed that the principal circulation 
is due almost entirely to pressure difference and location of outlet 
ports, while a slight secondary circulation arises from the fact that 
the walls are hotter than the material being heated. The effect of this 
secondary circulation is that a somewhat larger portion of the products 
of combustion follows the arrows 3 than might be expected from the 
restricted cross section, and that flow along the arrows 2 is slightly less 
than might be expected. It is well known among users of this type that 
it is extremely difiicult to secure a uniform temperature, from top to 
bottom, at 1400 F, and that it is practically impossible to do so at 
1200 F. The heating stock is always too cold immediately above the 
center of the hearth, that is to say at point 1. 

For these reasons, overfired, or “perforated arch” furnaces, have be¬ 
come obsolete. The majority of such furnaces for annealing and heat 
treating at temperatures above 1400 F are underfired, with circulation 
obtained as illustrated in Fig. 308, where the injecting effect of modem 
burners causes gases from the heating chamber to be recirculated 
through the combustion chamber below the stock. 

Cars have been built with flues in the hearth, which register with 
corresponding flues in the sidewalls (see Fig. 339). Temperature 
equalization is, of course, better than it is without the flues in the 
hearth, but it does not equal the imiformity that is obtained by forced 
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circulation. Besides, the hearth has to be made thick, the car becomes 
heavy, and the hearth is more easily damaged during loading and un¬ 
loading. In a few modem furnaces of this type auxiliary burners have 
been provided in the sidewalls immediately above the hearth and be- 



Fig. 339. Flues in hearth of 
furnace car. 


tween the outlet ports. They produce some circulation and result in a 
more uniformly heated product. 

In England, hearths of car-type furnaces have been built up of per¬ 
meable bricks, through which an ejector sucks the products of combus¬ 
tion from the furnace. Circulation is excellent, but the hearth is weak. 


Fig. 340. Circulation in a sheet 
furnace. 








An intensely interesting study of heat application and of circulation 
is furnished by the sheet-heating furnace, upon which for many years 
no improvements were made after it was brought to America by Welsh 
mill men. Although only a small number of furnaces of this type are 
now in use in the United States, it served its purpose so well that a 
study of the underlying principles is worth while. In the sheet furnace, 
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a common form of which is diagrammatically shown in Fig. 340, it is 
extremely important that every trace of free oxygen be kept out, be¬ 
cause scaling causes the sheets or packs of sheets to absorb furnace 
gases and to give trouble in rolling. On the other hand, there must be 
enough water vapor in the furnace atmosphere to produce a thin, even 
plastic coating of magnetic oxide, just thick enough to keep the sheets 
from sticking together when they are subjected to the excessively great 
pressure of the rolls. The furnace door is open during a large portion 
of the time; in some furnaces which heat light sheets or tin plate, it is 
open practically all the time. No air should flow in, however, and not 
enough furnace gas should come out to inconvenience the heater, who 
stands at the door working continuously, turning packs of sheets over, 
shifting them, or standing them up against the sidewalls. 

With lump coal on the grate, alternate streaks of combustible mat¬ 
ter and of air rise parallel in the space above the fire. Above the 
bridge wall they are mixed, and a secondary combustion sets in. Fric¬ 
tion of the gases against the roof keeps up the mixing action, and a 
slowly moving, luminous flame rolls along the roof like an inverted 
river, with a fairly sharp demarcation against the rest of the furnace 
gases. The luminous flame heats the hearth and the sidewalls by 
radiation. The slow rolling motion of the luminous flame comes close 
to the motion that Groume-Grjimailo described as the result of his 
experiments with flow of non-mixing fluids of different density. There 
is, however, enough viscous drag to produce a very slow circulation, 
which is indicated by arrows in the illustration. The hot bridge wall 
helps this circulation along. The sheet furnace is a proof for the 
previously made statement that scaling is reduced to a minimum, if the 
stock lies in an unagitated atmosphere. The furnace temperature is 
low, never less than 1400 F and never more than 1600 F. For the sake 
of uniform rolling without curling, the packs must have the same tem¬ 
perature, top and bottom. This aim can be attained if the packs are 
laid on a bottom which has been previously heated by radiation in the 
empty furnace, and if the roof temperature is but little in excess of the 
final temperature which is desired for the sheets; but the rate of heat¬ 
ing is, in that case, very slow. The sheets are laid on corrugated tile 
(see detail view to the right of Fig. 340), in order that the packs may 
be gripped easily, and also that gases may pass underneath. However, 
the quantity of gases passing under the sheets is very small indeed and 
contributes practically nothing to uniformity of heating. With the 
design of Fig. 340, circulation under the sheets may even be reversed 
by cold air which seeps in at the hearth level. While any air entering 
near the sides of the door is promptly taken into the flues, air near 



430 


Movement of Gases in Furnaces 

the center of the door can find its way in and circulate around, as 
indicated by the arrows in the plan view. To understand this situa¬ 
tion, one must remember that the door is open to a width of 4 to 6 ft, 
and a height of 2 ft. If the furnace pressure is atmospheric at the level 
of the hearth, it must be in excess of atmospheric at the bottom of the 
raised door, and the flame and smoke will come out. As a matter of 
fact, smoke is intended to come out, and provision is made, by means 
of a hood, to carry it off. But the adjustment is so delicate that air 
does enter from time to time and causes the sheets to stick together 
in the mill. 

The old Welsh furnace men seem to have been fully alive to the 
situation, for their furnaces were built with ports in the hearth, and 
with flues under a section of the hearth. With that design, it is almost 
impossible for air to enter through the door, because the products of 
combustion form a screen or veil reaching all the way down to the 
hearth. This feature is excellent. The flues under the hearth are of 
doubtful value as far as keeping the hearth hot is concerned. American 
furnace builders discarded the flues under the hearth. In doing so, 
they also did away with the ports which opened into the underhearth 
flues. In conjunction with properly adjusted dampers and ashpit 
doors, these ports, which were located all along the door opening, kept 
all the air out of the furnace and considerably facilitated mill 
operations. 

The introduction of the wide strip-mill caused furnaces such as 
shown in Fig. 340 to be abandoned, except in mills that produce small 
orders of sheets of different compositions. In those mills, natural gas, 
by product gas, and oil have replaced coal. 

In some respects, the regenerative furnaces which are used in heating 
skelp, the strips from which welded pipe is made, are similar to the 
sheet furnaces. Gas and air (as in Fig. 341) come up on one side 
through separate and alternate ducts and combine in a luminous flame 
which rolls along the roof and passes down on the other side to the 
regenerators. Heating is almost exclusively by radiation and not by 
circulation of the gases between the pieces of the charge. In view of 
the thinness of the skelp, this method is very satisfactory, as far as 
uniformity of temperature in the steel is concerned; besides, very little 
scaling occurs if air is kept out of the furnace. 

Skelp-heating furnaces are quite long, in the direction at right angles 
to the section shown in Fig. 341. The products of combustion pass 
down through a regenerator (or two regenerators, if producer gas serves 
as fuel) on one side, while air comes up through hot checkerwork on 
the other side. It takes a skillful designer so to proportion the air 
approach and the flues under the regenerators that the upward flow of 
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air is uniform along the furnace. Since that d^irable goal is seldom 
attained, adjustable dampers are provided on top of the ports. Thd 
furnace temperature lies between 2600 and 2800 F (the edges of the 
skelp must be dripping hot); for that reason, the dampers are made 
of high-alumina tiles or of silicon carbide. 


Fig. 341. Circulation in a regenerative fur 
nace for heating skelp. 


In continuous butt-welding mills, the furnace illustrated by Fig. 341 
is replaced by the continuous skelp-heating furnace illustrated by 
Fig. 74. 

In continuous furnaces for heating billets, the latter may be pushed 
down on an inclined hearth, up an inclined hearth, or horizontally. The 
theory has been advanced that the only correct method is to push the 
billets upward, because cold gases were supposed to stay at the bottom 
(which is the discharge end of the furnace in the usual arrangement 
shown in Fig. 342), while the hot gases rise to the top (which is the 
charging end of the furnace in Fig. 342). That theory, which, by the 
way, was derived from observation of experiments on the flow of 
colored kerosene and water through furnace models, is wrong in this 
case as well as in many others. Several factors combine to make it so. 
Even if the flame (and flame is visible in most of these furnaces) does 
not touch the stock at the hot end, viscous drag sets up a secondary 
circulation (as indicated at 1, Fig. 342), and this circulation is aided 
by the arched shape of the roof. Furthermore, radiation is so very 
active at the hot end that the stock would be heated even without the 
beforementioned secondary circulation. (In 1911, when the tests using 
non-miscible liquids of different color in furnace models were pub¬ 
lished, the fact that clear gases radiate heat was practically unknown.) 
Last, but not least, the upward flow of the products in the furnace 
produces a gentle chimney effect, which, in conjunction with a reduc¬ 
tion of furnace cross section, acts to maintain atmospheric pressure 
throughout the length of the furnace, at least for normal heating con¬ 
ditions. Products of combustion are not discharged into the open 
through the doors, and cold air does not enter. 

In a few furnaces in the United States, billets were pushed upward 
to a high point from which they slid down to a mill table. This ar¬ 
rangement was not chosen on account of heat distribution or circula- 
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tion in the furnace. It was chosen because it saved a crane lift and 
labor. 

Incidentally, Fig. 342 shows the necessity for correct circulation of 
furnace gases at comparatively low furnace temperatures. When the 
furnace has been in operation for some time, the ends of the pusher 
bars bum off, and the hearth becomes covered with billets to the very 
end, as indicated at 2. In that case, the flue gases can escape only 

Cold 


Fig. 342. Flow of gases in a con¬ 
tinuous billet-heating furnace. 


o 

through the cracks between the billets, and at the sides, at points 3 
and 5. A cold triangle 4 is the result of this faulty circulation. 

The above mentioned nicety of maintaining neither excess pressure 
nor draft (deficiency of pressure) along the hearth of Fig. 342 exists 
for the heating rate contemplated by the originators of the design. 
That rate was approximately 65 lb of steel per (sq ft of effective 
hearth area, hr). Speeding the mill, or using two stands in the mill 
has led to changes in the furnace, whereby the rate has been pushed 
up to more than 130 lb per (sq ft, hr). Pushing approximately twice 
as much fuel and air through the furnace as intended by the designers, 
makes flames escape around the trouble-doors, most of which were 
bricked up. The recuperator reduces the draft (see the section on 
regenerative furnaces), and had to be taken out. It was replaced by 
burners under the skids, where the steel enters. 

Additional examples on gas circulation are given in Volume II, es¬ 
pecially in the chapter on control of furnace atmosphere. 

The above discussed examples add up to the rule. ‘*Keep furnace 
gases away from the charge in high-temperature furnaces, but bathe 
the charge in the furnace gases of low-temperature furnaces.” 
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Distribution of Transient 
Temperatures 
in Solid Bodies 


Industrial furnaces can be designed, constructed, and operated on 
the basis of the data that are contained in the eight main chapters of 
this book. For those who are not satisfied with designing by rules of 
experience, several methods are available for investigating the time- 
temperature-space relations that exist when a solid body is being 
heated or cooled. Among these methods are: 

(а) Charts and tables for plates, cylinders, and spheres. 

(б) Graphical methods for plates, cylinders, and spheres. 

(c) Numerical step-by-step calculations. 

(d) Experimental methods. 

(a) Tables and Charts. By the use of Fourier functions and of 
Bessel functions, numerical values were computed for temperature as a 
function of time and of location in the solid. These values were either 
put into tabular form or converted into graphical charts. 

The analytical method necessitated the introduction of several limi¬ 
tations and simplifications: namely, (o) the solid is homogeneous; (6) 
at the beginning of the heating or cooling period, the temperature is 
uniform in all parts of the solid; (c) the coefiicient of heat transfer is 
constant; (d) the ambient temperature is constant; (e) the thermal 
conductivity of the solid is constant; (/) the specific heat (thermal 
capacity) of the solid is constant. In spite of these limitations and im- 
realities, the tables and charts render good service, if judgment is exer¬ 
cised in selecting representative mean values for the variables. 
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In order to make the tables and charts applicable to any actual case, 
they were computed or jilotted for dimensionless coordinates such as, 
for instance. 


Diffusivity X Time _ ft^ ^ hr 
Radius squared hr ft^ 


Heat-transfer coefficient X Radius 
Thermal conductivity 


Btu 

ft2,hr,F 


Xft X 


ft,hr,F 

Btu 


The reciprocal of these coordinates is, of course, also dimensionless, and 
so is a ratio of temperatures. Some mathematicians (for instance 
Bachmann) based their calculations on other dimensionless coordinates. 

The results of calculations are obtained in numerical form. They 
may be tabulated in that form for practical use. Several such tabula¬ 
tions have been published. One of the best known sets of tables was 
computed by T. F. Russell and appeared in the “First Report of the 
Alloy Steel Research Committee, Special Report 14, of the British Iron 
& Steel Institute, 1936.^^ In the United States, RusselFs tables were 


TABLE 23 


Plate. HL = 1 



^ - 

— 

-Value of U when x/L is- 


-- 

T 

0.0 

0.5 

0.6 

0.7 

0.8 

0.9 

1.0 

0.05 

0.99994 

0.98654 

0.97338 

0.94963 

0.91333 

0.86080 

0.79062 

0.10 

0.99332 

0.95073 

0.92539 

0.89106 

0.84643 

0.79074 

0.72384 

0.20 

0.94864 

0.87950 

0.84637 

0.80627 

0.75904 

0.70481 

0.64365 

0.30 

0.89202 

0.81550 

0.78183 

0.74215 

0.69663 

0.64552 

0.58912 

0.40 

0.83119 

0.75696 

0.72478 

0.68718 

0.64439 

0.59670 

0.54444 

0.50 

0.77455 

0.70285 

0.67269 

0.63755 

0.59765 

0.55328 

0.50479 

0.60 

0.71793 

0.65269 

0.62459 

0.59188 

0.55478 

0.51356 

0.46853 

0.70 

0.66681 

0.60612 

0.57999 

0.54961 

0.51513 

0.47685 

0.43500 

0.80 

0.61929 

0.56290 

0.53863 

0.51039 

0.47837 

0.44282 

0.40398 

1.0 

0.53411 

0.48547 

0.46454 

0.44018 

0.41257 

0.38190 

0.34841 

1.5 

0.36895 

0.33535 

0.32090 

0.30407 

0.28499 

0.26380 

0.24068 

2.0 

0.25487 

0.23166 

0.22167 

0.21005 

0.19687 

0.18223 

0.16625 

3.0 

0.12162 

0.11054 

0.10578 

0.10023 

0.09394 

0.08696 

0.07933 

4.0 

0.05803 

0.05275 

0.05047 

0.04783 

0.04483 

0.04150 

0.03786 

5.0 

0.02769 

0.02517 

0.02408 

0.02282 

0.02139 

0.01980 

0.01806 

6.0 

0.01321 

. . . 

. . . 

. . • 

. . * 

. . . 

0.00862 

7.0 

0.00630 






0.00411 

8.0 

0.00301 






0.00196 

9.0 

0.00144 






0.00094 
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reprinted in “The Flow of Heat in Metals,” by J. B. Austin, American 
Society for Metals, Cleveland, Ohio, 1942. Tlie complete set consists 
of 19 tables for plates and cylinders. One of the tables is reproduced 
here as Table 23, in order to explain the arrangement and the symbols. 
The heading HL = 1 signifies that the table was calculated for (heat- 
transfer coefficient/conductivity) X H thickness = 1. The Greek letter 
T over the left-hand coliunn stands for (time X diffusivity)/(H thick¬ 
ness )*. The fraction at the head of each vertical column equals the ratio 
(distance from center)/(J^ thickness); U is the ratio: (not yet completed 



temperature change)/(maximum possible temperature change). In 
Russell’s tables, the values of HL (using Russell’s notation) are so far 
apart that correct interpolation is extremely difficult. 

After a fraction of the total heating or cooling time has passed, the 
temperature curve in the solid assumes a shape that approaches a 
parabola so closely that the parabola may be substituted for the Fourier 
curve. The admissibility of such a substitution was tested by plotting 
(in Fig. 343) a temperature curve for rapid heating from Table 23 and 
by entering a parabolic arc on the same illustration. Even in this 
extreme case, the approximation is close; and, since the Fourier curve 
is only an approximation to the curve of true temperature distribution, 
the substitution is justified. 

Most engineers prefer graphical charts to tables, because trends are 
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more easily observed. This fact is evidenced by the large number of 
different charts that have been plotted from the results of numerical 
calculations of Fourier functions and Bessel functions. For practical 
purposes, the charts originated by Hottel and Heisler are very suitable 
(see ^Temperature Charts for Induction and Constant-Temperature 
Heating,by M. P. Heisler, Transactions of the American Society of 
Mechanical Engineers^ April 1947). Heisler^s charts are here reproduced 
(by permission) in Figs. 344 to 349. In Figs. 344, 345, and 346 the ordi¬ 
nates are not-yet-completed temperature-change ratios at the center of 


, ^ . Diffusivity X Time 

the solid; the abscissae represent the fraction — - ^ \ 

(J^ lhickness)2 


The 


parameters m represent the fraction 


Conductivity 

Thickness X Heat-transfer coefficient 

Figs. 344, 345, and 346 show the temperature ratio at the center only. 
If it is attempted to plot on the same chart, temperature ratios for 
points that are located at various distances from the center, either the 
chart becomes a maze of lines which cannot be disentangled, or else 
so few values can be shown that interpolation becomes extremely inac¬ 
curate. The dilemma is avoided by constructing either a separate set 
of charts for the surface (Hottel) or a set of auxiliary curve sheets 
which contain modifying factors for points located at various distances 
from the center. The latter step was taken by Heisler. Figures 347 to 
349 are his auxiliary charts. 


The use of the charts (Figs. 344 to 349) is best illustrated by an example. 
Let an ingot of very soft steel, 36 in. in diameter at 100 F, be placed in a 
furnace at 2300 F.* How long must it stay in the furnace for the center of 
the ingot to reach 2180 F, and what will be the temperature difference between 
surface and center at that time? 

The first step is to select representative mean values for heat-transfer 
coefficient fc, conductivity C, and also for density and specific heat, because 


they enter into diffusivity j. By reference to tables and charts in former 
chapters, the following values are found: C = 23 Btu per (ft, hr, F); j = 


Conductivity ^ rx i //in 

Sp«. h»t X Demity " ' /W - 


= 0.77 


Dimensionless parameter. Not-yet-completed temperature-difference ratio = 


2300 F - 2180 F 
2300 F - 100 F 


= 0.005 (dimensionless ordinate). 


From Fig. 345, the 


abscissa which corresponds to the intersection of ordinate 0.055 and parameter 
0.77 is 1.65 = jt/r^. From this equation, < = 1.65 X 2.25/0.35 = 11.6 hr. 


♦This method of heating is not recommended for high-carbon steels and for 
tender alloy steels (see page 69). 
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Fig. 344. Temperature-time-space relation for center of large plate (Courtesy of Amencan Society of Mechanical Engineers ) 
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Diffusivity X time 
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Fig. 345. Temperature-time-space relation for axis of long cylinder. (Courtesy of American Society of Mechanical Engineers.) 
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Diffusivity X time 
Radius 2 

Fig. 346. Temperature-time-space relation for center of a sphere. (Courtesy of American Society of Mechanical Engineers.) 
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_ Conductivity _ 

thickness x heat-transfer coefficient 

Fig. 347. Extension of Fig. 344 to away-from-center locations. (Courtesy of 
American Society of Mechanical Engineers.) 



_ Conductivity _ 

Radius X heat-transfer coefficient 

Fig. 348. Extension of Fig. 346 to away-from-center locations. (Courtesy of 
American Society of Mechanical Engineers.) 
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The surface temperature is found from Fig. 348. In^ this illustration, n is the 
ratio of radius at any point to radius at the surface. In the present example/ 
n = 1. Then, for n = 1 and m *= 0.77, the temperature-difference ratio is 
0.56. Hence, the not-yet-completed temperature difference (at the surface) 
equals 0.56 X 120 F - 67 F. The surface temperature is 2300 F — 67 F == 
2233 F. The difference of temperature between surface and center equals 
2233 F — 2180 F = 53 F. The same answer is, of course, obtained by the 
expression (1 — 0.56) X 120 = 53 F. 



m 

_ Conductivity _ 

Radius x heat-transfer coefficient 


Fig. 349. Extension of Fig. 346 to away-from-center locations. (Courtesy of 
American Society of Mechanical Engineers.) 


If the flame of 2300 F is luminous, k may rise to 40 Btu per (sq ft, hr, F). 
In that case, m = 0.39, and the abscissa becomes 1.1; then < * 1.1 X 2.25/ 
0.35 = 5.8 hr, which is approximately equal to 10 min per in. diameter. The 
surface temperature is 2300 F — 0.38 X 120 F = 2254 F. 

If heat flows into a rectangular body from different directions, the 
charts (Figs. 344 and 347) can still be used. In the May 1936 number 
of Industrial and Engineering Chemistry, A. B. Newman proved that 
the actual not-yet-completed temperature difference can be obtained 
by multiplication of the temperature-change ratios in the three prin¬ 
cipal directions. If the temperature of a point (defined by the co¬ 
ordinates a, b, c, in Fig. 350) at a given time is to be found from Figs. 
344 and 347, the following method is used: From Fig. 344, find the 
not-yet-completed temperature-change ratio for the center of the 






























444 Transient Temperatures in Solid Bodies 

block in the principal directions; modify them from Fig. 347 in the 
three principal directions for m = a/A^ b/B, and c/C. Form the prod¬ 
uct of the three thus obtained temperature-change ratios. The product 
equals the desired, not-yet completed temperature-change ratio for the 
point under consideration. Evidently, the product of three proper 
fractions is smaller than any of the individual fractions. On page 547 
of Newman^s paper an example is given for heating a brick which 
receives heat from all sides. 




Fig. 350. Temperature-time-space relation for heat flow in three directions. 


(b) Graphical (Schmidt^s) Method. Although Heisler’s charts 
are very convenient in their use, they (as well as similar charts) are 
subject to severe limitations, the most objectionable of which is the 
requirement of uniform temperature at the beginning of the heating 
or cooling process. A graphical method that was developed by E. 
Schmidt * for the heating or cooling of flat plates or slabs is free 
from this limitation. 

Considering Fig. 351, let ds be a small but finite element or portion 
of the plate thickness and dt be a finite interval of time; let Ti, T 2 , 
etc., be temperatures; C *= conductivity; q ^ density; *= specific 
heat (thermal capacity)—all referring to the material of the plate. 

dt 

Then (T '4 — T 3 ) X C •— = heat transmitted in time dt through unit 
ds 

area of element 3, 4. 

♦ ^‘Beitrage zur technischen Mechanik und technischen Physik,” by students of 
Aug. Foppl, page 179 (Springer, Berlin, 1924). 
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{Tz — Tz) X C — = heat transmitted in time dt through unit area 
ds 

of element 2, 3. 

dt 

Difference (Ti — 2Tz + T 2 )C — = heat stored in element ds 

ds 

located symmetrically on both sides of plane 3, which equals 
(Tz* — Tz) X q-c„'(_ds)', hence the equation 

(Tz' - Ta) = — 7 ^ (Ti - 2Tz + Tz) (41) 

qCnz (ds)^ 

in which T 3 ' and T 3 are temperatures in plane *3 at the end and at the 
beginning of the time interval di. 


Fig. 351. Temperature relations 
in the heating of a plate. 



If the terminals of temperatures 2 and 4 be joined by a straight 
line, then the distance 3-3' equals i(T 4 ~ 22^3 -|- T 2 ), because the 

temperature 3' equals i(T 4 + 22 ). On multiplying 3-3' by — • 77 ^ > 

gCm {day 

the product obtained, according to equation 41, is the temperature 
rise in the plane 3 in time dL Time interval dt and space increment 
da can be selected arbitrarily, but must be small enough to produce 

accurate results. The graphical computation is very simple, if — 

dt 1 qCfn 

is made equal to unity, or ^ , because, in that case, 3' 

furnishes the terminal of the temperature at the end of time interval dL 
In technical problems, heat transfer at the surface of the plate must 
be taken into consideration. It is customary to assume that heat 
transfer is proportional to difference of temperatures of surface of wall T, 
and of surrounding medium Tm, or, in other words, that fc, the coefficient 
of heat transfer between the surface of the plate and the medium, is 
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independent of the temperature level. Then, referring to Fig. 352, 

kCl\-r.)^C^ (42) 

as 

where the left-hand member of the equation equals the heat trans¬ 
mitted from the medium to unit area of the plate in unit time, and the 
right-hand member equals the heat conducted through unit area of 
the surface of the plate in unit time. The coefficient k depends on 
many circumstances. Values can be found on pages 61 to 63. 



Fig. 352. Geometrical relations 
applying to flow of heat in a plate. 


Equation 42 can be interpreted geometrically. The tangent to the 
temperature curve at the surface of the plate passes through a point 
located at elevation Tm, and C/k distant from the wall (see Fig. 352). 
If Tm or k varies with time, such variation can be taken care of by the 
graphical computation, whereas that cannot be done in an analytical 
calculation. The graphical computation proceeds as follows: 

Let 0, 1, 2, 3, 4, in Fig. 352 be the temperature distribution in the 
beginning of time interval dt. Let 6 be the point T (determined by 
Tm and C/k) toward which the surface tangents to the temperature 
curve point. The temperatures 2', 3', at the end of interval dt are 
found as before. To determine 1', join points 0 (at surface) and 5; 
find intersection 6 with a straight line distant from the surface of 
the plate. Join 6 and 2 and find intersection 1' with vertical line 
through 1; then 1' is the desired temperature of point 1 at the end of 
time dt. Join V and 5, and find intersection 0' with the surface. Point 
0' detennines the temperature of the surface at the end of time dt. 
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The broken line O', 1', 2', 3', etc., represents the temperature at end of 
time dt. It forms the base line for the next tim^ interval dt. Point 5 
is moved to a new position, if temperature Tn or coefficient k changes.' 

An example will illustrate the use of this method. The heating of 
a brick wall 4% in. thick will be studied. Although, for the sake of 
accuracy, the heat-transfer coefficient should be varied with the wall 
temperature, it was kept constant in the example for purpose of com¬ 
parison with the analytical method of solution. The wall was divided 



Fig. 353. Example of graphical method of finding heating time and temperature 
distribution in a furnace wall. Furnace temperature 2200 F; temperature of 
outside air = 60 F. Wall is of firebrick in. thick. Specific heat = 0235. 


into eight sections, through the center of each of which a construction 
line was drawn. Values of ds, q, c„, C, k, and the calculation for dt are 
given in Fig. 353. For greater clearness, the method of starting the 
construction in Fig. 353 is shown step by step in Fig. 354. 

If one side of the wall is suddenly exposed to a temperature of 
2200 F, the tangent to the temperature curve at point A must point to 
pole P; hence the intersection B between AP and the vertical line 
through point 0 (at distance %ds beyond the surface) is first located 
(first step. Fig. 354), and this point is the terminal of the first con¬ 
struction line 2 -B in the second step. Line 2-B' is part of the first 
temperature polygon; the latter is completed by drawing a line from 
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B' to pole P. The line then represents the temperature in the 

wall after an interval of 0.043 hr after the start of heating. In the 
third step, construction line 2-S is drawn, and its intersection with the 
vertical through 1 locates point F. Construction line 3-B' intersects 
the vertical through point 2, locating G. In the fourth step, lines are 
drawn connecting 3, G, and P, and from F a line is drawn to pole P. 
The temperature distribution after 2 X 0.043 == 0.086 hr is then repre¬ 
sented by 3-G-P-J. 



First Step Second Step Third Step Fourth Step Fifth Step Sixth Step 



Fig, 354. Illustrating steps in construction of Schmidt diagram. 

The fifth, sixth, and following steps proceed in the same manner, 
the right-hand end of each temperature polygon being drawn from the 
point of intersection with the vertical through 1, as P or M, directly 
toward the pole, and the left-hand part of each temperature polygon 
ending on the base line, as at points 3 and 4. After this end of the 
curve has reached point 8, as in step n, for the next curve points R' 
and S' are determined as usual, while T is determined by drawing a 
construction line from S to point 9 on the base line at a distance 
to the left of the boundary line (plane of the surface of the wall). In 
step (n + 1), the left-hand end of the temperature polygon is drawn 
from T directly toward pole P', and in all following steps the left-hand 
end of the polygon points to this pole. Each temperature polygon 
must be completed before the next is started. The time from the 
start of heating, corresponding to the nth temperature curve drawn, 
is of course n times the interval dt between successive curves. 
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Successive temperature curves come closer and closer together. 
Before confusion occurs, it is advisable to jump* every other lamina. 
The time interval is thereby multiplied by four. In doing so, one 
should redraw the last preceding temperature polygon in such a way 
that it consists of straight lines extending through two laminae, form¬ 
ing a polygon of the same area as the one with twice the number of 
sides (see Fig. 363, broken-line polygon for 1.55 hr). It is also ad¬ 
visable to erase the original vertical division and construction lines 
above this polygon, and draw in only the center lines of the new 
doubled laminae, in order to avoid confusion of lines. (Even at the 
start of the construction, the boundary lines of the laminae may well 
be omitted, leaving only the median lines.) 

If, on doubling the laminae, the new vertical line OB located at a 
distance beyond the surface equal to % the width of the new lamina is 
found to be farther from the surface than pole P, then the construction 
using points of intersection with this line, as B, is to be omitted, and 
pole P is to be used as the end point of all construction lines used 
in determining points on the median line of the first lamina. 

Toward the last, when the polygons flatten out, the width of the 
laminae may again be doubled and the time quadrupled. Extreme 
flattening is avoided by making the chart quite tall, that is to say, 
long in the direction of the temperature scale. 

A comparison of the result of the graphical determination with the 
result of analytical calculations using Fourier functions shows a close 
agreement. The results of other examples have shown that, when the 
wall thickness is divided into four or more laminae, the results of the 
graphical method are quite accurate, but, when less than four divisions 
are used, the discrepancy becomes considerable. 

For the case in which a plate or slab is heated equally from both 
sides, only the half-thickness need be considered. The sections of the 
polygons crossing the middle plane of the plate are then drawn hori¬ 
zontally in every case, joining the median lines of the two laminae 
immediately on either side of the center line of the plate. Not less 
than four divisions should be used in the half-thickness. Some engi¬ 
neers find it diflScult to carry the construction lines properly across the 
center. For their benefit Fig. 356 is offered. 

In his paper on the graphical method, Schmidt brought out several 
interesting facts. The temperature of the slab need not be uniform 
at the beginning of the heating or cooling period. Variations of the 
temperature Tm of the surrounding medium, as well as changes in the 
heat-transfer coeflScient fc, are easily introduced into the construction. 
Schmidt also explained and illustrated the changes that must be made 
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in the diagram if the slab or wall is composite (two or more slabs of 
different materials in contact). Unsteady flow through composite 
walls was discussed in detail and a modification of Schmidt^s diagram 
was given by T. C. Patton in Industrial and Engineering Chemistry, 
November 1944. 



Fig. 355. Schmidt diagram for symmetrical bilateral flow of heat into a plate. 

Graphical Method for Finding Temperature Distribution in Cylin¬ 
ders and in Spheres, Schmidt (loc. cit.) stated that a difference equa¬ 
tion can be derived for circular cross sections but that the resulting 
‘^Rekursionsformel” (reiterative equation) is not simple because it con¬ 
tains a term that depends on the curvature. 

In spite of the lack of simplicity, several mathematicians have de¬ 
rived graphical methods for long cylinders and for spheres. In Chaleur 
et Industrie, 1928, Nessi and Nissole published such a method. P. S. 
Austen, of Glen Ridge, N. J., independently conceived the method 
(private communication to the author). T. C. Patton {loc. cit.) ap¬ 
plied the same method to thick cylindrical shells 
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Fig. S56. Graphical method of finding heating time and temperature distribution in a solid cylinder. Furnace 
temperature — 2200 F; initial temperature of cylinder *=* 100 F. Cylinder is of mild steel 12 in. in diameter. Average 
conductivity » 25 Btu per (ft, hr, F). Specific heat = 0.16 Btu per (lb, F). Surface heat-transfer coefficient»»50 
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The method consists of modifying the spaces or laminae by making 
their widths inversely proportional to the radius. Thus, in Fig. 356, 
the left-hand diagram a representing the half-thickness of the solid 
cylinder, divided into spaces of equal width dr with median lines 1, 2, 
3, 4, etc., is replaced by the modified diagram b at the right having the 
same number of divisions but with the distances between the new 
median lines 1', 2', 3', 4', etc., of the spaces increasing from the surface 
to the center. If B is the radius to the outside of the cylinder, ri, r 2 , 
r^, etc., the radii to median lines 1, 2, 3, etc., and Tq the radius to the 
construction line at a distance beyond the surface of the cylinder, 
then the distances between the corresponding median lines in the 
modified diagram Fig. 3666 are determined by the equations: 




dS2~3 


dso—i 


R • dr 
+ ^2) 
R • dr 
hiX2 + ^ 3 ) 
R • dr 

+ ri)^ 


(43) 


The pole distance is exactly the same as for flat plates, or C/fc. The 
time interval is also the same, or dt = %(dr)2 x density X specific 
heat/conductivity. 

For the sake of compactness, the center line of the cylinder and the 
median line on the other side of it have not been shown in the right- 
hand part 6 of the illustration. In fact, the error is very small (when 
the number of divisions is not less than four) if these two lines are 
omitted altogether from the construction, and points such as 11 on the 
median nearest the center line, as D', are obtained by projecting hori¬ 
zontally to the left from points such as 10 on the adjacent median C', 
to intersect line D' (see broken line 10-11). When changing scales, 
as from the narrow spaces marked with numerals 1, 2, 3, etc., to the 
wider spaces marked A, B, C, D, if the number of divisions of the 
actual radius is halved, the time interval is quadrupled, just as for flat 
plates. The positions of the new median lines for the wider spaces are 
again figured from equation 43. The last preceding temperature poly¬ 
gon is redrawn as explained on page 449 (see broken line for t = 0.049 
in Fig. 3566). The accuracy of the method is good. Even if only four 
divisions are used in the half-thickness or radius of the cylinder, the 
error (with careful graphical work) seldom exceeds 2 per cent of the 
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result obtained by the long-drawn-out analytical method using Bessel 
functions. By projecting the points on the new median lines in part b 
of the illustration, horizontally across to the old median lines on part 
a, the true form of the temperature-space curve can be obtained. 

The Schmidt graphical method was extended to spheres by Keller 
(Industrial Heating, October 1939) and by Patton (loc. cii.). The 
graphical method for spheres is very similar to that used for cylinders, 
but, whereas the width of the spaces in the cylinder construction is 
distorted inversely proportional to the mean radius, it is, for the sphere, 
distorted inversely proportional to the square of the mean radius. 

(c) Numerical Calculation. The temperature distribution in 
solids, either for the steady state or for transient conditions, may be 
calculated munerically by processes that require much time. Many 
papers and books have been published on numerical methods. One of 
the most complete books is: G. M. Dusenberre, Numerical Analysis 
of Heat Flow, McGraw-Hill (1949). Inquiry about a new edition 
revealed that the first edition is out of print and that no later edition 
is available. From these facts the authors of the present book judge 
that the very slow and tedious method of numerical calculation has 
not foimd favor with furnace engineers. 

(d) Experimental Methods. The fiow of heat in solids can be 
simulated by hydraulic analogies and by electrical analogies. The 
latter method is convenient, because it furnishes results in a short 
time and permits accurate measurements of some variable quantities. 
It was originated by C. L. Beuken (Eonomish Technish Tijdschrift, 
Mastricht, Holland, 1937). The continuous solid is replaced by a 
number of stations with wires (resistances) between them. Heat stor¬ 
age is simulated by capacitors (condensers). Very feeble currents 
fiow in the apparatus. For applicability of the resistance-capacity 
arrangement see Transactions American Institute of Electrical Engi¬ 
neers, 1944, “The Accuracy of Measurement of R. C. Cable Circuits in 
the Study of Transient Heat Flow.” 

In spite of the accuracy of measurement, the results obtained by 
the electrical method are only approximations. The method cannot 
take care of the effects of temperature on thermal conductivity and 
on heat transfer to the surface. Neither is the change of specific heat 
at the critical temperature of steel covered. However, the approxima¬ 
tions are sufficiently close for most practical purposes, if judgment is 
used in the interpretation of the measurements. 

Full-scale experiments in appropriately large furnaces furnish the 
most reliable information. Such tests require that holes be drilled in 
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the solid that is to be heated, for the insertion of thermo-couples. In 
the heating of steel a number of such tests are from time to time pub¬ 
lished in the transactions of the Association of Iron and Steel Engi¬ 
neers. Again, judgment is needed in applying the results of full-scale 
tests, because test conditions may have differed from the conditions 
to which the results are to be applied. 
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Heat Transmission 
within a Furnace 
Enclosure 


The following is a detailed example illustrating the method of 
Heilgenstaedt, used in determining the values of Tables 5 and 6 in 
Chapter 2. 

As described in that chapter, this method consists in calculating the 
wall temperature by trial and error for given combinations of values 
of Tg (gas temperature), T, (stock temperature), s (thickness of gase¬ 
ous layer), and R (ratio of exposed stock area to refractory area). 
Throughout the calculation, the value of e (emissivity) is 0.9 for both 
stock and wall, and the coefficient of heat transfer by convection in 
the furnace is taken as 3.0 Btu per (sq ft, hr, F). Fuel is natural gas, 
with 9.6 per cent CO 2 and 19.0 per cent H 2 O in the flue-gases, so that 
the partial pressures (p) of these gases are 0.095 and 0.190 respectively. 
By trial and error, the wall temperature is determined with which the 
calculated transfer of heat by radiation and convection from gas to 
wall equals the transfer of heat by radiation alone from wall to stock. 
Having determined the wall temperature (Table 6), the total heat 
transferred to the stock can be calculated (Table 5). 


Example. 

Ratio R 0.5 

Tg 2400 F 

T, 1700 F 

8 4 ft 

Estimated wall temperature, T„ 2045F 2040F 


Oas to wall by radiation 
ki from Fig. 37 


132 


131 Btu per (sq ft, hr, F) 

455 



456 HeM TrananuBsion toUhin a Furnace Encloaure 


p8 for CO 2 = 0.095 X 4 ft 

Emiesivity CO 2 at gas temp. (Fig. 39) 
ps for H 2 O = 0.190 X 4 ft 
Emissivity H 2 O at gas temp. (Fig. 40) 
95% X the sum (page 41)ei 
ki X 0.9 (e, wall) X ei{Tg — Tu) 

X 1 sq ft 

Gas to wall by convection 
3.0 X {Tg - TJ) 

Gas to wall, total 

Wall to stock by radiation 
ki from Fig. 37 
Emissivity CO 2 at wall temp 
Emissivity, H 2 O at wall temp 
96% X sum 62 

^2 X (0.9 - 62) XR{Tg,- T.) 

True wall temperature 
Gas to stock by radiation 
ks from Fig. 37 
ei 

*3 X 0.9 X 61 X {Tg - T,) XI sq ft 
Gas to stock by convection 
3.0 X (Tg - T.) 

Wall to stock by radiation 
9,850 X l/R 

Total Btu per {sq ft, hr) to stork 
Coefficient of heat transfer 
36,400 
2400- 1700 


0.38 

0.38 ft X atmosphere 
fraction 

0.087 

0.087 

0.76 

0.76 

0.130 

0.130 

0.21 

0.21 

8,850 

8,950 Btu per (sq ft, hr) 

1,065 

1,080 Btu per (sq ft, hr) 

9,915 

10,030 Btu per (sq ft, hr) 

86 

85 

0.10 

0.10 

0.13 

0.13 

0.22 

0.22 

10,050 

9,850 


2040 F 


no 

0.21 

14,600 

2,100 

19,700 

36,400 


52.0 
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Heat Losses from Walls 


1. SURFACE HEAT TRANSFER 

The heat-transfer coefficients shown in Fig. 79 are derived from the 
tests made by Wamsler^ at the Laboratorium fiir technische Physik, 
Miinchen, Germany; by Langmuir^ at Schenectady; by Heilman* at 
Mellon Institute; and by Griffith and Davis^ at the National Physical 
Laboratory, Teddington, England. 

The radiation coefficient (emissivity) as determined by Wamsler for 
rough, oxidized wrought-iron surfaces is 89 per cent of the absolute 
blackbody coefficient (see page 33), for rough cast-iron surfaces 90 per 
cent, and for rough white mortar surfaces 88 per cent of the blackbody 
coefficient. Other experimenters^’®’® have found lower values for the 
emissivity of similar surfaces, but Wamsler^s results are confirmed by 
those of Heilman and are believed to be correct for the brick or metal 
surfaces of industrial furnace walls. Painting the surfaces has little 
effect on either radiation or convection losses, and the color of the sur¬ 
face has no influence whatever.^ An exception is aluminum paint or 
^^bronze,^’ which reduces the radiation loss by about half, as long as it 
remains clean. 

The convection coefficient for natural (not forced) convection varies 
approximately as the fourth root of the temperature difference between 
the surface and the surrounding air.*’*’* The evidence is conflicting as 

1 Wamsler, Zeitschrift des Vereinea deutscher Ingenieure, 1911, page 599. 

2 Langmuir, Transactions American Electrochemical Society, Volume XXIII, 
1913, page 299. 

8 Heilman, Transactions American Society of Mechanical Engineers, Volume 
51, 1929, FSP 51-41. 

* Griffith and Davis, Engineering, Volume 114, 1922, page 672. 

8 Schmidt, Beiheft zum Gesundheits-Ingenieur, Volume 20, 1927. 

8 Green, Ceramic Society (British) Transactions, Volume 25, 1926, page 383. 
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to whether the roughness of the surface affects the coeflScient in the 
case of natural convection. The coefficient does, however, vary with 
the size of the surface and with its position. With the surface hori¬ 
zontal, facing upward, the convection loss is 10 to 29 per cent greater, 
and with the surface facing downward it is 33 to 50 per cent less than 
that of the vertical surface at the same temperature.*'* In small sizes, 
the natural-convection coefficient decreases approximately in inverse 
proportion to the fifth root of the height,* but for heights greater than 
20 in. it remains constant.* 

From the test data referred to, the following values have been 
selected as representing the average natural-convection coefficient for 
the exterior surfaces of industrial furnaces: 


k2 = 0.28^(ro - Ta) (44) 

where k 2 = rate of heat transmission by conduction through the air 
film on the surface (see page 31) and convection, in still air, Btu per 
(sq ft, hr, F), from a surface at To F to air at Ta F. The overall heat- 
transfer coefficient, in Btu per (sq ft, hr, F), then is 


0.155 


k = 


{(To + my 

/Ta + 460Y‘ 

L\ 100 / 

\ 100 / J 


(To - Ta) 


+ 0.28^(To -- To) (45) 


including both radiation and convection and representing average 
values for furnace walls. From this expression and the related equa¬ 
tion 14 on page 114, the curves of Figs. 79 and 80 were computed. They 
coincide almost exactly with the test results of Miketta^ for the overall 
dissipation of heat from the outer, red-brick surface of a furnace wall. 
Other experimenters® have found losses as much as 12 per cent greater, 
but the test data seem erratic; it is probable that drafts of air are 
responsible. 


2. CONDUCTIVITY OF MATEWALS 

From the many tests that have been made of the heat conductivity 
of refractory materials,® the values shown by the curves of Fig. 357 

^ Miketta, Power, 1927, page 127. 

® Norton, Fuels and Furnaces, 1932, page 677. 

® Beecher and Buckner, Journal American Ceramic Society, Volume 7, 1924, 
page 19; Clement and Egy, University of Illinois Experiment Station Bulletin 36, 
1909; Dougill, Hodsman, and Cobb, Iron & Coal Trades Review, June 25, 1915, or 
Journal Society Chemical Industry (London), 1916, page 465; Boyd Dudley, 
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have been selected. With one exception, the curves shown apply to 
materials in use in the United States. 

Only results obtained by the calorimeter method, under steady- 
state temperature conditions, have been shown; those derived from 
diffusivity determinations under varying temperature seem to be 
uniformly lower. 

The multiplicity of coefficients is bewildering; variations in density, com¬ 
position, and method of burning affect the conductivity. Data obtained from 
tests later than the third edition were not entered in Fig. 357, because they 
do not materially differ from the older data, and because they would add to 
the bewilderment. 

In general, the conductivity of a given kind of brick decreases as the porosity 
increases, as shown by the Goerens-Gilles curves in Fig. 357, but no definite 
relation exists (Green, Esser). 

In insulating materials, such as diatomaceous bricks, age appears to be a 
great factor. Experimenters have stated to the senior author that the con¬ 
ductivity of these materials is quite low when they are new and is considerably 
higher after they have been in use for some time. 

This is true to some extent even for ordinary firebrick. The tests of Heyn, 
Bauer, and Wetzel showed that “underbumed” firebricks—^those that have 
not been exposed to very high temperatures in the process of manufacture— 
increased in conductivity as much as 20 per cent when heated to 2700 F. 
Green found that ‘^semi-silica” brick which had been exposed to heat in a 
coke-oven wall for eighteen years had 10 per cent greater conductivity at 930 F 
than the original material, and 22 per cent greater at 2400 F. 

In natural insulating bricks, which are of laminar structure, the conductiv¬ 
ity for heat flow parallel to the layers (4^in. way) is in some cases as much 
as 40 per cent higher than that for flow across the layers (2^4-in. way). 

insulating refractories (lightweight firebricks, refractory insulating 


Transactions American Electrochemical Society, Volume XXVII, 1916, page 285; 
Esser, Salmang, and Schmidt-Emsthausen, *‘Zur Kenntnis der Warmeubertragung 
durch feurfeste Brennstoffe,” Verlag des "Sprechsaal,” 1930; Eucken and Laube, 
Tonindustrie^Zeitung, Volume 53, 1929, page 1599; Goerens and Gilles, Mitteil- 
ungen aus dem eisenhuttenmdnnischen Institut der technischen Hochschule 
Aachen, 1916, or Ferrum, Volume XII, no. 1, page 1; Green, Ceramic Society 
(British) Transactions, 1921, Volume 21, part 4, page 394; 1923, Volume 23, part 3, 
page 253; 1925, Volume 24, page 228; 1926, Volume 25, page 268; 1927, Volume 26, 
pages 159, 168; Griffiths, Transactions Faraday Society, Volume 12, 1917, page 
193; Hartmann, Westmont, and Weinland, Ceramic Age, December 1928, page 
225; Transactions American Electrochemical Society, Volume L, 1926, page 124; 
Heilman and Bamitt, Proceedings Engineers Society of Western Pennsylvania, 
Volume 47, 1931, page 349; Hersey and Butzler, Bureau of Mines Report 2564, 
April 1924; Heyn, Bauer, and Wetzel, Untersuch. a. d. KgL Materialprufungsamt, 
Volume XXXII, 1914, Hefte 2 and 3; Norton, Journal American Ceramic Sodr 
ety. Volume 10, 1927, page 30; Takodoro, Tohoku University Science Reports, 
Volume 10,1921, page 339; Van Rinsum, Forschungsarheiten auf dem Qehiete des 
Ingenieurwesens, Verein deutscher Ingenieure, Heft 228, 1920. 
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bricks) are available for all temperatures that are encountered in 
industrial furnaces. To some extent, the thermal conductivity of these 
bricks is inversely proportional to their porosity and, therefore, to the 



overall density of the bricks. However, the effect of porosity is not 
an exact function, because it is not the total volume of pores that 
counts, but the number of pores in that volume. There are two reasons 
for this statement 
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Temperature-deg F 

Fig. 358. Average conductivity of insulating materials. 

1. The wall of each pore is a radiation screen, and 

2. Heat-transmitting gas circulation in each pore is roughly pro¬ 
portional to the diameter of the pore. 

It is manifestly impossible so to conduct the brick-making process 
that a predetermined number of pores having a predetermined diameter 
is obtained in each brick. For that reason, scientific tests of conduc¬ 
tivity exhibit a wide spread of values. If all available test results 
were entered into a set of curves, the result would be an inextricable 
jumble. For that reason, only average values are given in Fig. 358. 


3. GAS LEAKAGE THROUGH SAND SEALS 

Furnaces with movable hearths, such as car-type furnaces and fur¬ 
naces with rotating hearths, are equipped with sand seals. Hoods of 
annealing furnaces and also certain recuperator tubes rest in sand seals. 
Although sand seals are located at the bottom of furnaces, where the 
internal pressure is smallest, gas leakage through the seals is by no 
means inconsiderable and becomes of importance, if the furnace is 
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filled with a prepared protective gas. Nevertheless, reliable inlorma- 
tion on sand seals is scarce. Lichterscheidt and Schmidt^** found the 
following relation: 

Leakage, cu ft/hr / X Pressure difference (inches of water) 

Foot length Depth of seal (inches) 

The factor / was found to range between 2^ and 3^, varying with 
depth of inunersion of blade and with fineness of sand or other filling.^^ 
Thus, for a sand seal of 4-in. depth and a furnace pressure of 
0.025 in. of water at the seal, the leakage (cold measure) ranges be¬ 
tween 0.014 and 0.02 cu ft per hr and per ft of length of seal. 

Approximately, the rate of leakage (referred to cold measure) is 
inversely proportional to the absolute temperature of the gas in 
the seal. 

In some furnaces with rotating hearths, the sand seal was replaced 
by water seals. Such seals are gas tight but the water evaporates. 
The water level is automatically kept constant, but water evaporates 
into the furnace and increases the content of water vapor in the furnace 
atmosphere. 

Ga» Warme 2, 1953. 

The flow given by this equation is referred to 32 F. To express the flow in 
volume at higher temperatures, the factor must be multiplied by the rate of 
absolute temperatures. 
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Recuperator and 
Regenerator Calculations 


1. USE OF LOGARITHMIC MEAN 
TEMPERATURE DIFFERENCE 


If the heat-transfer coefficient and the specific heat were constant in 
all parts of the gas and air paths, the temperature distribution curves 
would be of an exponential form, and the mean temperature difference 
(see Fig. 149) in counterflow recuperators would be 


/ 77 / _ (Tig T2a) iT2o Tla) 

' “ ” ( Tu - T2a \ 

\T'2g — Tla) 


Tig being temperature of gases entering, T 2 g temperature of gases 
leaving recuperator, Tia temperature of air entering, and T^a temper¬ 
ature of air leaving recuperator. 

For parallel-flow recuperators, the same equation holds except that 
Tla and T 2 a are interchanged. 

As stated in Chapter 6, the coefficient is by no means constant. On 
account of gaseous radiation, it is greater at the hot end than it is at the 
cold end. For that reason, calculation on the basis of the arithmetical 
mean temperature difference is, in almost all cases, just as accurate (or 
as inaccurate) as the use of the logarithmic mean temperature (Mer- 
ence. Nevertheless, the ^logarithmic mean temperature difference” as 
given by equation 46 is widely used as a basis for calculating recuperator 
performance. For that reason the alignment chart in Fig. 359 is offered, 
by means of which the logarithmic mean can easily be found without 

♦ Due to Mr. David Moidcovits, Camegie Institute of Technology. 
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Fig. 359. Chart for determining logarithmic mean temperature difference. In 
the example shown by the dotted line, the logarithmic mean between 800 and 
300 F is 508 F. 


calculation. For example, if the gases enter a counterflow recuperator 
at 2200 F and leave at 900 F, while the air enters at 100 F and leaves 
at 1900 F, the temperature difference at the hot end is 300 F and at the 
cold end it is 800 F; by drawing a straight line (shown dotted in Fig. 359) 
from the 300 F point on the left branch of the curve to the 800 F point 
on the right branch, the intersection with the vertical center-line is 
obtained at 508 F, and this is the logarithmic mean temperature differ¬ 
ence between the gas and air. (The arithmetical difference equals 550 F.) 


2. RELATION BETWEEN HEATING SURFACE 
AND TEMPERATURE OF PREHEAT 

It is sometimes desired to calculate the increase of preheat that could 
be obtained by deepening a checker or enlarging a recuperator. 

For a given weight of air and gases, for constant heat-transfer coef- 
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ficient, and for constant entering temperature of gas and air, the temper¬ 
ature relations vary as indicated in Fig. 360, if the recuperator is 
enlarged. The heavy curved line shows how the temperature to which 
the air is heated becomes greater as the surface is increased—^the gain 



Fig. 360. Relation of preheat temperature to area of heat-transmitting surface. 


for a given increment becoming less, the greater the total area. The 
equation for final temperature of the air, based on logarithmic mean 
temperature difference, is 


(Ti, - Tla) X 


T2a = Tig 


(l-^) 

\ Wa • cj 


Tir k’A 


(47) 


W 


as derived by K. Rummel.* In this equation, Wg is weight of gases, 
and Wa equals weight of air, pounds per hour; Cg equals specific heat 
of gases, and c® equals specific heat of air; k equals heat-transmission 
coefficient, Btu per (sq ft, hr, F); and A equals area of heat-transmitting 
surface, square feet. To obviate the difficulty of evaluating this cum¬ 
bersome expression, the curves of Fig. 361 have been plotted; their 
resemblance to the heavy line of Fig. 360 will be evident. Abscissa, 
ordinate, and parameter are all dimensionless ratios. The following 
example will illustrate the use of these curves: 

Example. A producer-gasfired furnace using 150 cu ft of combustion air 
per min has an air checker 10 ft deep containing 12,800 sq ft of heating surface 
and heating the air to 1800 F. The gases, containing 40 per cent excess air, 
enter the checkers at 2300 F, 60 per cent of the gases going to the air checker. 
How much could the preheat temperature be raised by increasing the depth 
of the checkerwork from 10 to 13 ft? 

The first step is to find what heat-transfer coefficient is obtained in the 
present checker. 

♦ Melchett lecture, Institute of Fuel, London, 1931. 
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Fig. 361. Chart for determining temperature to which air is heated in a 
recuperator. 

jy , weight of gases x specific heat of gases 

rarameter =- -r —-—-* 

weight of air x specific heat of air 


Weight of air = 150 X 0.0764 X 3600 = 41,300 lb per hr. From Fig. 116, 
weight of waste gases = 1.75 times the weight of air, or including 40 per cent 
excess air = 2.15 times. If 60 per cent of the gases go to the checker, Wg = 
60% X 2.15 X 41,300 = 53,300 lb per hr. Specific heat of gases = approxi¬ 
mately 0.31, of air = 0.25. Hence, to heat the air from 60 to 1800 F, tlu* 

41 300 y 0 25 

gases must cool (1800 — 60) X ; ’ o'oaa w a oi ~ 1090 F (neglecting whW 

Oo,oUU X U.ol 

losses), and their final temperature = 1210 F. Temperature difference at 
hot end = (2300 - 1800) = 500 F; at cold end = (1210 - 60) = 1150 F; 
arithmetical mean = 825 F; and, from Fig. 359, logarithmic mean = 780 F. 
Heat-transfer coefficient 


41,300 lb per hr X 0.25 split X (1800 - 60) 
12,800 sq ft area X 780 F 


1.80 Btu per (sq ft, lir, F) 


Figure 361 can now be used to find the preheat temperature for the deeper 
checker. If the brick setting is the same for the added checkerwork, the total 
heating surface would be 12,800 sq ft X = 16,650 sq ft. 


Abscissa in Fig. 361 


1.80 X 16,650 
53,300 X 0.31 


T. . . 53,300 X 0.31 . _ 

Parameter in F,g. 361 = x O.25 = ^ 

Factor / from that figure = 0.840 
Temperature to which air is preheated 

- Tia + (Tig - Tia)f = 60 + (2300 - 60) X 0.84 = 1940 F 
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Deepening the checker 30 per cent would therefore result in an increase of 
140 F in preheat temperature. In these calculations it is assumed that the 
effect of increased wall losses can be neglected, and that the heat-transfer 
coefficient remains the same for the deepened checker as it was in the original 
checker. Neither of these assumptions is correct. 

In spite of its formidable appearance, equation 47 cannot be expected 
to give the preheat temperature accurately because the heat-transfer 
coefficient is not constant. After obtaining a result from equation 47, 
the coefficient should be refigured for the temperature conditions corre¬ 
sponding to the result, in order to make sure that the value of k used 
is correct for those temperatures. 

In practice, results obtained by increasing the depth of checkers have 
at times been disappointing. In one open-hearth furnace, the checkers 
were made several feet deeper, but the gain in air preheat temperature 
was only a few degrees, or less than the accuracy of measurement. 
This was due chiefly to the fact that the heating surface originally 
present was sufficient to heat the air to within about 150 F of the temper¬ 
ature of the gases entering the regenerator, the conditions corresponding 
to points near the right-hand end of Figs. 360 and 361, where the curves 
have flattened out; and the small gain in preheat ideally obtainable by 
a moderate increase of heating surface was wiped out by the increase of 
wall losses from the checker chambers, and by increase of air infiltration. 


3. EFFECT OF LEAKAGE IN RECUPERATORS 


On the basis of uniform rate of leakage per foot of travel of the air 
and gases, the effect of such leakage in reducing the preheat temperature 
has been analyzed by W. Heiligenstaedt.* The resulting equation is 


Wa 




1 + n 
+ T, 


Wa ■ f-k-A 
W, 

Wa • Ca 


= r, 


0l 


1 + 


1 + n 


W. 






f-Wa-C, (,,WaYf-k- 


(48) 


Taj, as before, is the air preheat temperature. The wall loss has 
been taken care of by the factor /, which is the ‘‘efficiency’' of the 

''Regeneratoren, Rekuperatoren, Winderhitzer,” Spamer, Leipzig, 1931. 
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Recuperator and Regenerator Calculations 


recuperator or the ratio 


Heat input to air 


, and n is the ratio 


Heat abstracted from gases ^ 

Leakage air weight n.!. i u 

The other symbols have 


Weight of air delivered by the recuperator * 
the same meaning as previously. The equation is based on the arith¬ 
metical mean temperature difference, which leads to practically no error 
because in leaky recuperators the preheat temperature never approaches 
the gas temperature. 

Heiligenstaedt showed that, if the heat-transfer coefficient k remained 
constant, the preheat temperature would be reduced about 40 per cent 
by the leakage of as much air as is delivered by the recuperator (n = 1). 
Actually, the dilution reduces gas radiation, k decreases, and the loss of 
preheat temperature is even greater than calculated. 

Depending on the relative pressures, flue gases may leak into the 
air passages or air may leak into the gas passages. In the latter case, 
the fan may be unable to supply enough air to make up for the leakage: 
first, because a greater volume is required; and second, because addi¬ 
tional pressure is required to compensate for the increased pressure 
drop due to this larger volume. Hbwever, this additional pressure is 
seldom available because the fan motor either runs at constant speed 
or, even if variable, must usually be operated at maximum speed to 
produce even as much pressure as is required without air leakage. 


4. EFFECT OF WALL LOSS IN REGENERATORS 
AND RECUPERATORS 

Regenerators will be considered first. If H is the wall loss in Btu per 
hour from each chamber, then equation 23 becomes 

T2a) = Wa-Ca-(T2a-Tia)+2H^A-h(T/-Ta') + H (49) 

the other symbols having the same meanings as in Chapter 6 and 
Fig. 149. The reason why the 2H appears in the middle term is that 
losses are occurring from the walls of both regenerator chambers simul¬ 
taneously, while heat is being transmitted to the combustion air in 
only one chamber at a time. 

If A o is the area of the walls of each checker chamber and ko is the 
coefficient of heat passage through these walls in Btu per (sq ft, hr, F), 
then 

H = A.-k.- .pp„;dm.tely 
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Substituting this expression and the arithmetical mean temperature 

j-ac /m t m >\ ^Tlg + T2g — Tla — Tita\ . 2.- An, 

difference (Tg — TJ) = I --^- 1 in equation 49,' 

and simplifying, we obtain 

Tig = 

ri,(ir..c, - !r2.(ir„-Ca+^') 

(50) 

and 

, _ y r ('^Ig + Tla + T2a) + Wg • Cg • (T2a Tja) 

^ 2A ^ I (T,, + T2o-Tla-T2a) 

from which k can be calculated if the other values are known. 


Combining equations 49 and 50, we obtain 




from which the final temperature to which the air is preheated can be found if 
k is known. 

The following example will illustrate the use of this equation. In a regener¬ 
ative furnace, each checker has 27,900 sq ft of heating surface A, and the area 
of the walls of the chamber, 18 in. thick, is 4500 sq ft, Ao] 33,500 lb of air per hr. 
Way enter at 200 F, Tu. The waste gases, amounting to 37,000 lb per hr, 
Wg, enter at 2300 F, Tig, To what temperature will the air be heated, if 
k « 1.5? 

From Fig. 86, the coefiicient K is figured as 0.36 Btu per (sq ft, hr, F); 
Ca ^ 0.265, Cg « 0.3L 
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Tta 


)(37,i 




000X1.6 4500 X0. 


2300 ( 37,000 X0.31- 


2 

4600X0 


—^+ 200 (^ 33 , 


.36\ 


600X0.265- 


4600 X0.36> 


( 37 ; 


37,000 X0.31 + 


4500 X0 


+2300 


-200(?^ 


900X1.5 4500 X0 


2 


2 






900X1.5 4600 X0.36 

— +- - -33,500X0.266 1 


whence 


(33., 


500 X0.265 4- 


4500X0 


(37,( 




900X1.6 4500 X0.; 


,000 X0.314- 


4600 X0 




. 27,900X1.5 . 4500X0.36 . ^ 

4- —^—r-4-- 2 -+33,500 X0.265 

d£ 7 

Tia = 1895 F 


If there were no wall losses, the Ao- ko t^rms would disappear, and T 2 a would 
be 2110 F. The wall losses therefore reduce the final air temperature by 
215 F in this case. The loss of temperature would be greater in a small 
regenerator, because for similar shapes of chamber the external area is pro¬ 
portional to the square of the linear dimensions, but the heating surface 
varies as the cube of the linear dimension; furthermore, the walls are usually 
thinner in the smaller chambers. Roughly, the wall loss may be said to be 
inversely proportional to the area of heating surface in the checker; it varies, 
however, with the type of wall construction. 


Turning next to recuperators, we find that the wall loss depends on 
the arrangement. When the gases are outside and the air inside the 
tubes, the equation becomes 


T2a = 


_ (Wa-Ca Ao-ko , 2Tra-Ca\ , ^ m m 

-r-) + 2 ri,- Tia 

\Wg • Cg 2W0 -Cg U* A / 


2Wa^Ca Wa^C 

k-A 


Ao * ko 


(53) 


Wg • Cg 2 Wg * Cg 


and from it the effect of wall losses can be determined. 


5. PRESSURE DROP AND HEAT TRANSFER 

The heat-transfer coefficient for air or non-radiating gases flowing in 
tubes is approximately as given by the formula* 

♦ The exponents for both velocity and diameter, as found by different experi¬ 
menters, vary somewhat, but the difference in the final result is negligible. The 
coefficients in equations 54 and 55 take care of an average viscosity. 
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4.46(c'5)0-8 

2)0.26 


(54) 


where k = Btu per (sq ft, hr, F), c' = actual gas velocity, feet per second, 
and q = gas density, pounds per cubic foot; D = tube diameter, inches. 
If instead of the actual velocity at any place along the tube, the equiva¬ 
lent velocity c at 60 F is substituted, then q = 0.0764, and the equation 

co.8 

becomes k = 0.67 X 

The pressure drop caused by friction is given by Fig. 300 of Chapter 8, 
but it can also be approximately expressed by the equation 

T 

(Pi - P2) = 3.35 X 10-7 . (55) 

where (pi — P 2 ) = pressure drop, inches of water, T = absolute tem¬ 
perature of gases, degrees Fahrenheit, and Z = length of tube, feet, 
D = diameter, inches. 

If this were the only pressure drop, and the resistance on the air side 
the only resistance to heat flow, the relation between pressure drop and 

size of recuperator could be developed as follows: Area = n • tt • — • Z, 
with n = number of tubes. 

Hence 

k-A = 0.57 = 0.15 -n-l- . (P-9 


and 

- p2) = 2.23 X 10-« • 

T-k-A 

cl .06 

(pi 

n 

’ 2)2.02 

or very nearly 

2.2 X 10-® • 

T-k-A 

c 


n 



Also, if Q = quantity of air in cubic feet per second at 60 F, 

Q X 144 

4 

Finally, 

(pi - V2)i = 4.03 X 10-* • (fc • A) • ^3 ^ 

TJ is absolute average temperature. For given recuperator conditions, 
Q, Taj and k • Aare fixed, the last two being determined by the temper- 



472 Recuperator and Regeneraior Calculations 

ature conditions. Hence we may say that the pressure drop is inversely 
proportional to (number of tubes times square of diameter)^; and, for 
any allowable pressure drop, the number and size of tubes could be 
found directly. 

In the actual recuperator, however, there are two other factors to 
be considered. First, the overall coefficient of heat transfer is not 
the k given by the above formula, but, as shown in Chapter 6, it is 

k = —————" , and the last two terms are not affected by 

l/ka + l/krff + l/kg 

what happens on the air side. Second, additional pressure drop is 
required to give the air the necessary velocity at the entrance of the 
tube, or 

(pi - P2)2 = 7.80 X 10-7. Tia • 
and also to accelerate it as it becomes heated in the tube, or 

(pi - V2)z = 4.39 X 10“7 • {T2a - Tia) • c? (56) 


where c = velocity at 60 F in feet per second. All temperatures are 
absolute. The total pressure drop is the sum of the three terms: namely, 
friction, velocity head at entrance, and acceleration in tube. Since it 
is impossible to reduce these complicated sums to a simple form, values 
for Fig. 152 were found by taking numerical examples and, for each 
value of c, figuring the overall coefficient k and the total pressure drop. 
For other dimensions of passages, the same procedure can be followed, 
using the above formulas. 

The question often arises as to whether devices for producing ad¬ 
ditional turbulence, such as staggered tubes, ‘‘corebusters,” whirlers, 
etc., are of advantage. Few data are available from which to judge. 
It has been found, however, that staggered tubes (which produce turbu¬ 


lence) result in a higher ratio 


Heat transfer 
Pressure drop 


than “in-line” tubes do. 


if 


Tube spacing, center to center 
Tube diameter 


is smaller than 


1.5. 


For wider spacing. 


the ratio of heat transfer to pressure drop is greater for “in-line” tubes 
than it is for staggered tubes. 

Corebusters are of two types. Those of one type produce a whirl 
and throw the otherwise inactive core to the surface of the tube. Those 


of the other type fill the core and force all of the gas or air to flow through 
an annulus near the surface of the tube. Some misleading statements 
have been published about the advantages and disadvantages of whirlers. 
One of them follows: “Whirlers multiply the heat transfer by six, at 
the expense of multiplying the pressure drop by 200, whereas, without 
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whirlers, the same increase in heat transfer can be obtained with 60 
times the original pressure drop, simply by increaisdng the velocity.”, 
This statement disregards the influence of the absolute size of tube 
diameter and of the ratio of tube length to tube diameter. For a given 
pressure drop, a greater number of tubes of smaller diameter increases 
the heat transfer much more than whirlers do. Either whirlers or smooth 
corefillers are indicated, whenever small long tubes are not available, 
as for instance in the case of silicon carbide tubes, or if the cost per 
square foot of heating surface grows rapidly for tubes of small diameter. 
Cylindrical corefillers furnish secondary heating surface. They are 
useful as inserts in large short tubes of expensive material, particularly 
if they can be made of a cheaper material than that of the tubes. 
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Properties of Materials 
That Are Seldom Heated 
in Industrial Furnaces 


Some materials that are not included in Fig. 26 are occasionally 
heated in industrial furnaces. These materials are either the charge 
(heating stock, ware) or else auxiliary substances that are used in 
connection with heating the charge. The data were taken, with per¬ 
mission, from the ^^North American Combustion Handbook.’^ In that 
book the original sources of information arc not given. 


Material 

Density, 
Ib/cu ft 

Temp. 

Range, 

F 

Specific 
Heat, 
Btu/lb, 
deg F 

Melting 
(fusion) 
Point, 
deg F 

Latent Heat, Btu/lb 

of of 

Fusion Vaporization 

Antimony (Sb) 

422 

392 

0.052 

1166 

68.9 

703 

Arsenic (gray) 

358 

32-212 

0.0822 




Asbestos 

124-174 

32-212 

0.20 




Barium (Ba) 

218 

-121 -f 68 

0.068 

1562 


1120 

Beryllium 

113.6 


0.52 

2732 



Boron (B) 

152 

32-212 

0.307 

3992-4532 

570 


Cadmium (Cd) 

540 

212 

0.057 

608.6 

23.8 

409 

Carbon (C) graphite 

138 

52 

0.160 

6332 



Charcoal 

18-38 

75 

0.165-0.25 




Chromium (Cr) 

449 

212 

0.1121 

2929 



Cobalt (Co) 

556 

932 

0.1542 

2723 

115.2 


Columbium (Cb) 

635 


0.065 

4380 



Constantan 


32-212 

0.098 




Gallium (Ga) 

367 

.54-235 

0.080 

86.1H 



Germanium (Ge) 

335 

32-212 

0.0737 

1756.4 



Glass 

144-187 

32-212 

0.16-0.23 

2190 



Molybdenum (Mo) 

637 

68-212 

0.0647 

4595 

126 


Monel metal 

550 

60-2415 

0.129 

2415 

117.4 


Osmium (Os) 

1402 

68-208 

0.0311 




Palladium (Pe) 

749 

32-2309 

0.0714 

2820 

64.6 


Platinum (Pt) 

1335 

68-2372 

0.0359 

3191 

48.96 
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Material 

Density. 
Ib/cu ft 

Temp. 

Range. 

F 

Spedfio 

Heat, 

Btu/lb. 

degF 

Melting 
(fusion) 
Point. ( 
deg F 

Latent Heat, Btu/lb 

of 

Fusion 

of 

Vaporisation 

Pyrex 


68-212 

0.196 




Rhodium 

777 

50-207 

0.058 

3542 



Rubidium 

95.5 

32 

0.0802 

100.4 



Sand 

162 

59-212 

0.195 




Selenium (Se) 

300 

-306 + 64 

0.068 

422.6-428 



Silicon (Si) 

145 

135 

0.1833 

2588 

607 


Sodium (Na) 

60.6 

-3014-68 

0.253 

207.5 

49.3 


Solder (Pb and Sn) 

580 


0.040-0.051 

361-594 

11.6-30.6 


Tantalum (Ta) 

1035 

2552 

0.043 

5252 



Tellurium (Te) 

389 

59-212 

0.0483 

845.6 

13.1 


Thallium (Tl) 

740 

68-212 

0.0326 

575.6 



Thorium (Th) 

699 

32-212 

0.0276 

3350 



Titanium (Ti) 

283 

32-212 

0.1125 

3263 



Tungsten (W) 

1202 

32-212 

0.0336 


79 


Uranium (U) 

1167 

32-208 

0.028 

3344 



Vanadium 

375 

32-212 

0.1153 

3128 
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Absorptivity (equals emissivity), 33, 34 
Abutments, yielding of, 295 
Air, and gas, mixing of, 53 
excess, 144-164 

in regenerators and stacks, 401 
flow, in recuperators, 211 
in regenerators, 245, 393-412 
infiltration, 420, 461, 467 
preheating of, 12, 203-211 
required for combustion, 147-156 
velocity in recuperators, 215 
viscosity, 371 
Air cooling, 321, 333 
Air jet, location of, 411 
Alloys, heat resisting, 265-277 
in skid rails, 320 
Alumina-silica diagram, 280 
Aluminum, conductivity of, 24 
heat content of, 19 
heating of, 74, 78, 198 
Aluminum coating (calorizing), 277 
Aluminum paint, 114, 457 
Analysis, of flue gas, 147-164 
of fuels, 147-156, 161-163 
Anchors, for plastic refractories, 289 
Angle of divergence, of jet, 379, 416 
Annealing, coefficient of heat transfer 
in, 78 

definition of, 1 
fuel economy in, 194 
of coiled strip, heating time, 83 
Arch, centerline of forces in, 294 
collapse of, 296 
door, 332 
double, 331 


Arch, force polygon of, 294 
jack, 298 
perforated, 7, 427 
pinch spalling of, 293, 296 
rise of, 16 

rising of, by expansion, 296 
strength of, 292-297 
suspended, 300-306 
theory of, 292 
thickness of, 297 
thrust magnification factor, 295 
Arch bricks, 299 
Arched roof, sloping, 298 
Arrangement of stock, effect on heat 
transfer, 63 

Aspiration of furnace gases by jet, 423 
Automatic conveyor furnace, 14 
Axial heating, 99-102 
Axle heat treating furnace, example, 108 

Baffles, 395 

in rotating-hearth furnace, 333 
Batch-type furnace, capacity of, 51-88 
definition, 4 
examples, 84-88 
Bends, loss of pressure in, 376 
Billet heating furnace, 87, 92 
Binding, forces acting on, 355-357 
furnace, 355-360 
structural shapes used for, 360 
Bituminous coal, 147,148 
Blackbody radiation, 33, 135 
Blast furnace gas, 159 
Bloom heating furnace (example), 108 
Blue water gas, 158 
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index 


Boilers, waste heat, 251-259 
Bonding mortars, 337-339 
Boundary layer in gases, 31 
Bricks, arch, 16, 299 
chrome, 287 

conductivity of, 117, 291, 460, 461 

expansion of, 285 

fireclay, 278-285 

insulating fire-, 290 

magnesite, 287 

silicon carbide, 286 

sizes, 16 

specific; heat of, 130 
strength of, 278, 281, 282 
weight of, 130 
Brickwork, 15-17 
Bridge walls, 335 
Buckstays, 359 

Buoyancy (of air or gas) as moving force, 
366, 396, 414 
Butane, 157 

Butt-welding furnace, 309 

Calorific value of fuels, 147-159 
Calorizing, 277 

Capacity, of batch-type furnaces, 51-88 
of continuous furnaces, 89-108 
Carbon, effect on heat content of steel, 
20 

heat of combustion of, 159 
in heat resisting alloys, 266, 269-275 
Carbon dioxide, emissivity of, 38 
in combustion products, 160 
radiation from, 38, 40 
Carbon particles in flame, 43 
Carborundum, 286 
Carburizing furnace, 10, 11 
Car-type furnace, 6, 427, 428 
Castable refractories, 288 
Cast iron, conductivity of, 24, 26 
growth of, at elevated temperatures, 
263 

heat content of, 19 
nodular, 261 

strength of, at elevated temperatures, 
262 

Cement, effect of temperature on, 312 
furnace, 339 
refractory, 288 
Chain conveyor furnace, 14 
Chain doors, 354 


Channeling, 394 

Charts for flue gas analysis, 161-163 
Checkerwork, flow of air through, 245 
flow of gas through, 391, 393 
pressure drop through, 397 
pressure relations in, 400 
setting, 249-251 
Chimneys, see Stacks 
Chrome, plastic, 287 
Cinder bottom, 310 

Circulation, affected by direction of 
streams of hot gases, 418, 422 
by location of charge, 419, 423 
by velocity of flame, 425 
by arrangement of burners, 420 
caused by poorly fitting doors, 414 
determined by location of vents, 417 
in car-type furnaces, 427, 428 
in coal-fired furnaces, 421 
in continuous heating furnaces, 422, 
432 

in low temperature furnaces, 76, 105, 
198, 426 

in overfired furnaces, 427 
in sheet heating furnace, 428-430 
in skelp heating furnace, 431 
in underfired furnaces, 382 
of furnace gases, 412 
produced by fans, see in low temper¬ 
ature furnaces (above) 

City gas, 156, 163 
Classification of furnaces, 4-15 
Clink, 69 

Coal, heat in products of combustion, 
147, 148 

Ostwald chart for, 161 
Coal-fired furnace, 54, 336 
Coal tar, heat in products of combustion, 
151 

Coefficient of blackbody radiation, 33 
Coefficients of heat transfer, 35, 40-42, 
48, 62, 78, 115, 215, 217, 219, 236, 
455, 458 

Coke oven gas, 153, 162 
Combustibles in flue gases, 147-163 
Combustion, accelerated by preheating, 
53 

air required for, 147-159 
charts (Ostwald), 161-163 
conditions, 54 
volume, 52 
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Composite walls, 118 
Composition, of flue gases, 147-169 
of fuels, 147-159 

of heat resisting allo3n3, 266, 269-276 
of refractories, 279 
Concrete, disintegration of, 311 
foundations, 323-326 
refractory, 288 
Conductivity, electric, 266 
thermal, of metals, 24-29, 266 
of refractories, 117, 291 
Continuous furnaces, 4, 14, 89-108, 166- 
184, 408, 422, 432 

factors limiting heating capacity of, 
91-94 

five-zone arrangement, 89 
for heat treating, 102-106 
fuel consumption of, 179, 201 
heat transfer coefficient in, 93 
limitation in length by pushing of 
stock, 97, 98 

overall rate of heat transfer in, 99 
sidefired, 90, 96 

temperature distribution in, 95, 167, 
170, 175, 177 
triple-fired, 92 

with top and bottom heat, 94, 96 
with top heat, 93 
Convection, 31, 32 
forced, 32, 76, 83 
Conveyor furnace, 14 
Conveyors, loss caused by, 143 
Cooling, air, 321, 333 
water, see Water cooling 
Copper, heating of, 2, 22 
Corebusters, 226 

Corrosion of nickel chromium alloys, 276 
Counterflow recuperator, 212 
Creep strength, of heat resisting alloys, 
268-276 

CVoss-flow recuperator, 212 
of refractories, 281, 282 
('rushing strength of firebricks, 278 
(Cylinders, heating of, 47, 67, 90, 440, 
442, 450 

Dampers, 361-365, 410 
Density, of lightweight firebrick, 291 
of metals, 26 
of refractories, 130 
Diatomaceous earth, 290 


Diffusivity, 24 
of metals (table), 26 
of refractories, 130 
Direct-fired furnace, 6, 46 
Dissipation of heat, from projecting 
stock, 138 

from surfaces, 116, 457 
Distribution of heat in furnace, 112 
Door arches, collapse of, 332 
Door checks, 351 
Door frame, 352 
Doors, 340-355 
chain, 354 

counterweighted, 348 
hinged, 340 
inclined, 352 
integral with car, 347 
split, 349 

structural steel, 346 
suspension of, 350 
water-cooled, 353 
with removable bottom, 348 
Double arch, 331 
Doughnut furnace, 178 
Draft, 366 

Draft increasers, 410, 411 
Draft loss, 369-380 
effect of changes of duct section on, 
376 

through pipes and ducts, 369-379 
Draft loss charts, 370 
Drop-forge furnace, 10 
Dust, on checkerbricks, 239 

Economy, fuel, 109-203 
Edges, heat flow in, 127 
Effective height of stack on regenerative 
furnace, 397, 402 
Efficiency, fuel, definition, 110 
ideal and actual. 111 
furnace, 100-111 
Elbows, loss of draft in, 376 
Electrical resistors, 15, 264, 418 
Electric furnace, 15, 418, 426 
Elements of furnace construction, 15-17, 
292-365 

Emissivity (equals absorptivity), 33, 34 
of carbon dioxide, 38 
of flames, 44, 45, 50 
of metals, 34 
of water vapor> 39 
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Empirical rules for heating steel, 65 
Enameling, heat required for, 19 
End-discharge furnace, 5, 341 
Entraining action of jets, 415 
Equalization, of flow in checkers, 394 
of temperature in charge, 66-68 
Excess air, 144-163 
in recuperator, 217 
in regenerator, 239 
Expansion, thermal, of cast iron, 263 
of concrete, 311, 324 
of hearth, 325, 358 

of heat resisting alloys, 266, 269-276 
of refractories, 285 
rising of arch due to, 296 
Expansion joints, 326 

Fans, for induced draft, 425 
pusher, 396 
Fantail arches, 395 
Firebrick, 278-286 
creep of, 281, 282 
fusion point of, 283 
grades of, 279 

modulus of elasticity of, 358 
softening of, 281 
standard sizes of, 16 
Flames, emissivity of, 44, 45, 50 
heat transfer from, 36-45 
interaction with roof, 45-50 
length of, 53 
luminous, 43-45 
nonluminous, 36-42 
radiation from, 36-45 
temperature of, 59, 60, 144-146 
tempering of, 206 

Flat plates, heating of, 22, 29, 59, 66, 
436, 439, 442, 444-450 
Flow of gases, 366-432 
through regenerative rheckerwork, 393 
Flue gases, 147-164 
Flues, 388-393 

effect of, on flow of gases, 417 
in hearth, 428 
proportions of, 417 
size of, 386 
Foamsil, 290 

Forced convection, 77-83, 105 
Forge furnace, 10, 85, 185, 191 
Foundation, cracking of, due to drying 
of subsoil, 325 


Foundations, 311, 325, 326 
for forge furnaces, 326 
reinforced, 324 
Frame, door, 352 

Friction coeflicient, for flow of fluids, 372 
Fuel oil, 146, 149, 150, 161 
Fuels, calorific value of, 147-159 
composition of, 147-159 
consumption of, effect of stock thick¬ 
ness on, 176-181 
in batch-type furnaces, 165, 166 
in continuous furnaces, 166-176 
in industrial furnaces (table), 201 
in sidefired continuous furnaces, 
181-184 

saving of, by preheating air, 208-211 
by preheating stock, 207 
type of, effect on heat loss, 207 
Furnace arch, see Arch 
Furnace, axial heating, 99-102 
Furnace binding, see Binding 
Furnace brickwork, 15-17 
Furnace cement, 339 
Furnace construction, elements of, 15- 
17, 292-365 

Furnace doors, see Doors 
Furnace pressure, 299, 380, 396 
Furnace roofs, strength of, 292-297 
Furnaces, 1, 82, 194 
carburizing, 10, 11 
car-type, 5, 6, 428 
classification of, 4-15 
continuous, see Continuous furnaces 
fuel economy of, 109-203 
heating capacity of, 51-108 
induction, 15 

ingot heating, 70, 334, 425 
intermittent operation of, 129 
muffle, 8, 70-73 
overfired, 6, 427 
pit, 9, 201, 333 
pot, 8, 9, 83 

recirculating, 7, 77-83, 426, 427 
recuperative, 12, 227, 228 
regenerative, 12, 245, 247, 393-412, 
463-473 

resistor-type, 15, 418, 426 
rotaflame, 415 
rotating hearth, 5, 97, 178 
screw conveyor, 5 
semi-muflSe, 8 
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Furnaces, sheet heating, 428-430 
sidefired, 6 

continuous, 181-184, 315 
skelp heating, 84, 103, 107, 309 
strength and durability of, 260-365 
with liquid baths, 83, 84, 105 
Fusion temperature, of metals, 19 
of scale, 96 

Gases, blast furnace, 145, 159 
blue water, 158 
butane, 157 

circulation of, 7, 77-83, 199, 412- 
432 

city, 156, 163 
coke oven, 145, 153, 162 
combustible, in products, 147-163 
composition of flue, 147-160 
escaping around doors, 137 
manufactured, 156, 163 
natural, 144, 152, 162 
nonluminous, 36-42 
producer, 145, 154, 155, 163 
radiation from clear, 36-42 
viscosity of, 371 
Grades of firebrick, 279 
Graphical method for finding heat loss 
through walls, 120, 121 
for temperature distribution in cylin¬ 
ders, 450 
in plates, 435 
in spheres, 453 
Grate, 54 

Grooved hearth, 310 
Growth of cast iron at elevated tempcT- 
ature, 263 

Hangars, refractory, 302 
Hearth, 16, 306-323 
expansion of, 325, 358 
grooved, of chrome, 310 
heat flow in, 127 
inclination of, 98 
nonventilated, 127, 311 
of pit furnaces, 310 
of skelp heating furnaces, 309 
perforated, 307 
rotating, 5, 97 
slag drain on, 308 
solid, 127, 311 
strength of, 306-323 


Hearth, underfired, 306 
ventilated, 310, 325 
Hearth plates, ^2 
Hearth skids and rails, 313-323 
Hearth thickness, 311 
Heat, action of, on concrete, 311 
of combustion of carbon, 159 
required for enameling, 19 
retained at end of shut-down, 133 
salvaged by burning unconsumed fuel 
in regenerator or recuperator, 164 
specific, of refractories, 130 
Heat balance, 179, 181, 194 
Heat content, of flue gases, 147-160 
of metals, 18 

Heat dissipation from surfaces, 116, 457 
Heat distribution, see Temperature dis¬ 
tribution, Temperature equaliza¬ 
tion 

Heat economy, 10-14, 109-203 
Heating, axial, 99-102 
effect of scale on, 96 
of aluminum, 74, 78, 198 
rate of, 51, 57, 72, 75, 79, 83, 84-92, 
176-183 

Heating and cooling charts, for plates, 
cylinders, and spheres, 439-443 
Heating capacity, average values from 
practice, 75, 99 
definition of, 51 

effect of heat absorption by (diarge, 
56-63 

effect of rate of heat liberation, 52-55 
of batch type furnaces, 51-88 
of heat treating furnaces, 73-76 
of low temperature furnaces, 73-74 
of muffles, 70-73 

Heating surface, affecting temperature of 
preheat, 465 
indirect, 218 

in recuperator, 220-227, 464 
in regenerator, 242-244 
Heating time, 21-28, 56-63, 92, 439-444 
as affected by thickness of stock, 65- 
68, 176 

for coiled strip, 83 
for copper, 22 

for flat plates, 22, 29, 59, 66, 439 
for large ingots, 70 
for rounds, 65, 67, 90 
for spaced billets, 63 
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Heating time, for walls, 132 
for wire, 106 

Heating value, see Calorific value 
Heat liberation, 52-55 
Heat loss, by air flow through shut-down 
furnace, 132 

by gases escaping around doors, 137 
by intermittent operation, 129-134 
by radiation through openings, 135 
by storage in walls, 129-133 
by water cooling, 31, 142 
from furnace walls, 113-134, 457 
effect of edges, 126 
effect of leakage, 125 
graphical method of calculating, 
120, 121 

from liquid baths, 142 
iu combustion products, 143-15(), 207 
per cent of heat of combustion, 207 
of lightweight firebrick, 123 
with aluminum paint, 114-llG, 119 
through electrodes and terminals, 141 
through hearths, 127-129 
through projecting stock, 138 
to tongs and charging machines, 142 
to trays and conveyors, 143 
Heat requirements of industrial furnaces 
(table), 201, 202 
Heat resisting alloys, 265-277 
Heat saving by insulation, 205 
by preheating combustion air, 209 
Heat storage loss, 129-133 
Heat transfer, as related l,o pressure 
drop, 470 

average values from practice, 75, 99 
between clear gases and solids, 36-43 
by conduction, 30, 31 
by convection, 31, 32, 215 
by radiation between solids, 32-36 
coefficients of, 35, 40, 41, 42, 48, 62, 
78, 115 

effect of ratio of stock area to refrac¬ 
tory area, 46-50, 75, 99 
for recuperators, 215-219, 226 
for regenerators, 234-239 
from luminous flames, 43 
in liquid baths, 105 
to charge, 18-21, 29-45 
Heat transmission, see Heat transfer 
High alumina bricks, 279 
Hood, smoke, 388 


Horizontal regenerators, 395 
Hydrogen, in products of incomplete 
combustion, 147-163 

In-and-out furnaces, 4, 164-166 
Inclination of discharge skids, 341 
Inclined door, 352 

Incomplete combustion, heat lost by, 
147-160 
Inconel, 18 

Indirect heating surface, 218 
Induced circulation, 411, 415, 423, 427 
Induction furnace, 15 
Industrial furnace, definition, 1 
Ingots, heating of, 70 
Insulating refratories, 205, 290, 460, 461 
Insulation, of suspended arches, 301 
Interaction, thermal, in furnaces, 45 
Intermittent operation, heat lost by, 
129-134 

Isley control, 410 

Jack^arch, 331 
Japanning, 21 

Jets, air, 378, 379, 410, 411, 415, 416 
angle of divergence of, 379 
direction of, 418 

Jets, for preventing entrance of cold 
air, 420 

Kaolin, 279 
Kiln, tunnel, 13 
Kromepatch, 288 

Lead bath, heat loss from, 142 
Leakage, in recuperators, 217, 467 
in regenerators, 401 
through furnace walls, 125 
through sand seals, 461 
Leaky walls, effect on heat loss, 467 
Length of flame, 53 

Liberation (release) of heat, rate of, 
52-55 

Lightweight firebrick, thermal conduc¬ 
tivity of, 461 
Liquid baths, 83, 84, 105 
Location of charge in furnace, 63-65, 
419, 424 

of flues and ports, 380, 420 
Logarithmic equation for heat transfer, 
57, 224 
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Logarithmic equation for heat transfer, 
mean temperature difference, 463 
Loose material, heating of, 27 
Loss of heat, see Heat loss 
Luminosity, 44 

Luminous flames, radiation from, 43-45 
Lumnite, 288 

Magnesite, 287 

Mean temperature difference, for cal¬ 
culating heating time, 60, 93 
logarithmic, 463 

Melting temperature, of scale, 96 
Metals, calorized, 2f7 
heat content of, 19 
heat resisting, 265-277 
properties of, 24-28, 263 
seldom heated in industrial furnaces, 
474, 475 

strength of, 261, 262, 265-269 
thermal conductivity of, 24, 266 
Mortar, bonding, 337-339 
Movement of gases, 7, 77-83, 199, 412- 
432 

Muffle furnace, 8, 70-73 
Mullite, 285, 286 

Natural convection, 31, 32, 457 
Natural gas, 144, 152, 162 
Nickel, effect of sulfur on, 273 
Nodular cast iron, 262 
Nonluminous gases, 36-42 
Numerical calculation of temperature 
distribution, 453 

Offset burners, 419 
Oil, fuel, 146, 149, 150, 161 
Openings, flue, 380, 428 
heat lost through, 135-137 
Ostwald charts, 160-163 
Ovens, 2, 76-83 
Overfired furnace, 6, 427 
Oxidation, of cast iron, 263 
of metals, 276 

Pack-hardening furnaces, 10 
Parabola, similarity to Fourier curve, 437 
Parallel flow recuperator, 212 
Partition walls, in rotating hearth fur¬ 
nace, 333 

in ingot heating furnace, 334 
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Partition walls, of interlocking refrac¬ 
tories, 336 

PCE (pyrometric cone equivalent), 283 
Perforal^ arch, 6 
Pick-up, 228 

Piers, door, sagging of, 332 
for skid pipes, 321 
Piled material, heating of, 27 
Pipe stanchions, insulation of, 322 
Pit furnaces, 9, 70 

Plates, heating and cooling of, 436, 439, 
442, 444-450 
Port areas, 386 
Ports, location of, 380, 428 
Pot furnaces, 8, 9 

Preheating of combustion air, fuel saving 
by, 208 

of stock, 11, 207 

Preheat temperature, 54, 144, 159, 208- 
210 

as a function of heating surface, 465 
Pressure, in furnace, 380-388, 3%, 431 
Pressure drop, affecting heat transfer, 
219, 220, 470 
at change of section, 376 
due to friction, 369-374 
through checkerwork, 397 
through furnace, 374 
to furnish velocity head, 369 
Producer gas, 145, 154, 155, 163 
Products of combustion, 143-164 
Projecting stub, heat loss through, 138- 
141 

Pusher fan, 396 

Quick-pull strength, 265 

Radiant tubes, 72, 104 
Radiating beam, length of, 43 
Radiation, blackbody, 33, 135 
coefficients of, 35, 40-42, 78 
between clear gases and solids, 36-43 
between solids, 32-36 
effect of thickness of gas layer, 46-50 
from CO 2 to solid, 40, 42 
from H 2 O to solid, 41, 42 
from luminous flames, 43, 44 
intensity, as a fimction of wave¬ 
length, 37 
losses, see Heat loss 
through openings, 135 



484 


Index 


Rails in furnace, 313-323 
Rapid heating, 22, 59, 62 
Rate of heating, 51, 57, 72, 75, 79, 83, 
84-92, 176-183 

of heat liberation (release), 52-55 
Ratio, stock area to refractory area, 
effect of, 46-50, 74 
Recalescence point, 25 
Recirculating furnace, 7, 77-83, 426 
Recuperative furnace, 12, 227-228 
Recuperators, 211-228 
after-burning in, 217 
calculation of heating surface, 213-228 
effect of wall loss on preheat, 468 
equation for heat transfer in, 214 
heat transfer coefficient for, 215-219, 
226 

indirect heating surface, 218 
internal leakage, 217, 467 
logarithmic equation for heat transfer 
in, 224 
pick-up, 228 

temperature relations in, 213 
types of, 212 

Refractories, castable, 288 
composition of, 279 
conductivity of, 117, 460, 461 
creep and modulus of elasticity of, 
281, 282 

crushing strength of, 278 
density of, 130 
diffusivity of, 130 
expansion of, 285 
insulating, 289-292 
plastic, 122, 289 
specific heat of, 130 
Refractory cement, 20 
concrete, 288 

insulating bricks, properties of, 291 
roof hangars, 302 

Regenerative furnaces, 12, 245, 247,393- 
412, 463-473 

air flow through unit size of, 245 
Regenerators, 229-251 
after-burning in, 238 
calculation of heating surface, 464 
continuous, 250 
depth of checkers, 467 
effect of wall loss of, on preheat, 468 
equivalent thermal conductivity of 
bricks,^236 


Regenerators, heating surface of, 242-244 
per cubic foot of checkerwork, 243 
heat transfer coefficients in, 234-239 
period of reversal of, 231 
pressure relations in, 400 
temperature distribution in checker 
bricks, 232, 241 
types of checkerwork, 249-251 
Reintjes suspended arch, 305 
Resistance, electrical, of alloys, 266 
Resistors, 15, 418 
Reverberatory furnace, 7 
Rise, of arch, 16 
Roof arches, see Arch 
pressure under, 299 
shapes affecting circulation, 422 
suspended, 300-306 
thickness of, 297 
Rotaflame furnace, 415, 424 
Rotating hearth furnace, 5, 97, 178 
Roughness ratio of brick-lined ducts, 372 
Rounds, heating of, 65, 67, 440, 442, 450 
Rules of thumb, for heating, 65 

Sagging of flue tile, 330 
Salt bath, heat loss from, 142 
Sand bottom, 309 
Sand seal for doors, 351 
leakage of, 461 

Saturation of checker bricks, 242 
Saucer valve, 379 

Scale, effect on temperature measure¬ 
ment, 96 
loss, 109 

melting temperature, 96 
Schmidt's graphical method for transient 
temperatures, 444-453 
Screw conveyor furnace, 5 
Semi-muffle furnace, 8 
Sensible heat in products of combustion, 
147-156 

Shape of stock, effect of, on heating 
time, 66 

Sheet annealing furnace, 428-430 
fuel consumption of (example), 194 
Sidefired furnace, 6 
continuous, 181-184 
Sidewalls, 16, 326-336 
bonding of, 327 
openings in, 330 
metal-supported, 329 
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Siemens furnace, 12, 393-412 
Silica-alumina diagram, 280 
Silica bricks, 284 
Silicon carbide, 286, 317, 460 
Sillimanite, 286 

Skelp, furnace for heating, 84, 103, 107, 
309 

Skewbacks, 16 
yielding of, 296 
Skid pipes, insulation of, 322 
Skids, 313-323 
joints and anchors for, 314 
of heat resisting metal, 314, 316, 320 
of silicon carbide, 317 
support of water-cooled, 322 
walls under, 321 
wearing strips for, 318 
with indirect water cooling, 320 
Slag on hearth, 308 
Sloping arched roof, 298 
Slot-type furnace, 10 
Sloughing, of bricks, 283 
Smoky flame, 43 
Soaking, 66-68 
pits for, 70, 426 
zone, length of, 94 
Soap (brick), 16 
Spalling, 283, 286 
Special shapes, of brick, 16 
Specific gravity of gases, 147-159 
Specific heat, of air, 152 
of alloys, 266 
of gases, 152 
of metals, 26 
of refractories, 130 
Sphere, heating of, 441, 443, 453 
Split (brick), 16 
Split door, 349 
Spring-loaded tie rod, 375 
Stack draft, 366 
Stacks, 388 

for regenerative furnaces, 397, 401 
minimum size, 389, 401 
sample calculation of, 389 
venturi, 410, 411 
Steel, alloy, 69 
calorized, 277 
heat of combustion of, 109 
strength of, as related to temperature, 
261 

Storage loss, 129-132 


Subdivided gas streams, flow of, 394 
Sulfur compounds, effect on nickel alloys, 
273 ' 

Super-X, 290 

Surface heat transfer from walls, 457 
Suspended arches, 300-306 

Tar, coal, 146, 151 

Temperature, as related to heating 
surface, 465 

effect on metals, 261-277 
equalization in charge, 66-68 
flame, 144-146, 170, 175, 177 
fluctuations in regenerator tile, 232,241 
measurement, effect of scale on, 96 
gradient through furnace walls, 284 
of air, effect on combustion, 54, 210 
of flue gases, 95, 147-169, 176, 177, 
207, 209, 210, 234 

of furnaces for various processes 
(table), 2, 3 

of preheat, see Preheat temperature 
outside of furnace walls, 122 
stack, 366-368 

Temperature difference, between furnace 
and charge, 22, 92 

in objects being heated, 23, 27, 29, 
66-68, 90, 92, 224, 437-466 ‘ 
mean, for calculating heat transfer, 
60,93 

Temperature distribution, as affected by 
rate of heating, 22, 92 
in continuous furnaces, 95 
in hearth and foundation, 128 
in recuperators, 213, 214 
in regenerators, 234, 398 
Temperature gradient in bricks, effect 
of, 283 

Temperature rise of air, 213 
Temperature-time-space diagrams, 67, 
437-456 

Tempering of flame, 206 
Terminals, heat loss through, 141 
Test data for continuous furnace, 179 
Thermal capacity, see Specific heat 
Thermal conductivity, see Conductivity, 
thermal 

Thermal efficiency, 109-111, 200-203, 
179-181 

Thermal expansion, see Expansion, ther¬ 
mal 
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Thermal interaction in furnaces, 45-50 
Thermal properties of refractories, 130 
Thickness, of arch, 297 
of checkerbricks, 236 
of radiating gas layer, 38-42 
of stock, 65-69, 176-181 
Thrust of arched roof, 292-294 
Tie rods, 16, 355-360, 375 
Tile recuperator, elements of, 218 
flow of gases through, 407 
Time, required for heating furnace walls, 
132-134, 447 

required to heat wire, 106 
Time-temperature-space diagrams, 67, 
437-456 

Tongs, heat loss to, 142 
Transient temperature, distribution of 
in solids, 435-453 

Transmission of heat, see Heat transfer 
Triple-fired furnace, 92 
Tube banks, flow of gas through, 411 
Tubes, radiant, 72, 104 
Tunnel kiln, 13 

Unbumed fuel, 137,'l47-159 
Underfired furnace, 6, 68, 69, 306, 307, 
382 

Uniflow-regenerative heat exchanger, 13, 
250, 251 

Uniformity of heating, see Temperature 
difference in objects being heated 
Uptakes, 398, 400 

Utilization of combustion space, 53-55 
of sensible heat in gases, 207-259 

Vacuum in furnace, 381, 396, 431 
Velocity, affecting heat transfer, 32, 
76-80, 215, 470 

affecting pressure drop, 369-373, 385 
distribution in checkers, 394 


Velocdty, in cbeckers, 397 
in flues and stacks, 385 
Velocity head, 369 
Ventilated hearth, 16, 310 
Ventilating ducts, 333, 336 
Vents, size of, 380 
Venturi stack, 410, 411 
Vertical heating, 70 
Viscosity of gases, 371 
Vitreous enameling, 19 
Volume, combustion, 52-55 
of checkerwork, 243 
of stock, compared to heat receiving 
surface, 68 

Walls, air-cooled, 333, 336 
arrangement of, 291 
baffle, 335, 395, 421 
bridge, 336 

heat loss from, see Heat loss 
radiation, from hot face of, 33-35 
from cold face of, 116, 458 
thickness of, 122-124, 205, 326 
Waste heat boilers, 251-259 
Water-cooled damper, 364 
door frame, 353 
skids, 317-322 
heat loss to, 31, 142, 175 
Water vapor, effect on draft, 367 
emissivity of, 39 
latent heat of, 147, 179 
radiation from, 39 
specific heat of, 152 
Weight, of alloys, 266 
of checkerwork, 243 
of insulating material, 130, 291 
of metals, 26, 266 
of refractories, 130, 286-291 
Wind, effect of, 418 
Wire, time required to heat, 106 





